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Abstract

As the requirement for wireless telecommunications services continues to grow, it has become
increasingly important to ensure that the Radio Frequency (RF) spectrum is managed efficiently.
As a result of the current spectrum allocation policy, it has been found that portions of RF
spectrum belonging to licensed users are often severely underutilised, at particular times and
geographical locations. Awareness of this problem has led to the development of Dynamic
Spectrum Access (DSA) and Cognitive Radio (CR) as possible solutions. In one variation of
the shared-use model for DSA, it is proposed that the inefficient use of licensed spectrum could
be overcome by enabling unlicensed users to opportunistically access the spectrum when the
licensed user is not transmitting. In order for an unlicensed device to make decisions, it must
be aware of its own RF environment and, therefore, it has been proposed that DSA could be
enabled using CR. One approach that has be identified to allow the CR to gain information
about its operating environment is spectrum sensing.

An interesting solution that has been identified for spectrum sensing is cyclostationary de-
tection. This property refers to the inherent periodic nature of the second order statistics of
many communications signals. One of the most common modulation formats in use today is
Orthogonal Frequency Division Multiplexing (OFDM), which exhibits cyclostationarity due to
the addition of a Cyclic Prefix (CP). This thesis examines several statistical tests for cyclosta-
tionarity in OFDM signals that may be used for spectrum sensing in DSA and CR. In particular,
focus is placed on statistical tests that rely on estimation of the Cyclic Autocorrelation Function
(CAF). Based on splitting the CAF into two complex component functions, several new statis-
tical tests are introduced and are shown to lead to an improvement in detection performance
when compared to the existing algorithms. The performance of each new algorithm is assessed
in Additive White Gaussian Noise (AWGN), impulsive noise and when subjected to impair-
ments such as multipath fading and Carrier Frequency Offset (CFO). Finally, each algorithm is
targeted for Field Programmable Gate Array (FPGA) implementation using a Xilinx 7 series

device. In order to keep resource costs to a minimum, it is suggested that the new algorithms are
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Chapter 0. Abstract

implemented on the FPGA using hardware sharing, and a simple mathematical re-arrangement

of certain tests statistics is proposed to circumvent a costly division operation.
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Chapter 1

Introduction

1.1 Research Background

One of the most important challenges for the design of future wireless communication tech-
nologies will be ensuring that the Radio Frequency (RF) spectrum is used as effectively as
possible. In most countries, the management of RF spectrum is the responsibility of govern-
ment regulatory bodies such as the Office of Communications (Ofcom) in the UK and the Federal
Communications Commission (FCC) in the US. The spectrum allocation policy adhered to by
these organisations divides the spectrum into licensed and unlicensed bands. Licensed bands are
assigned statically to an individual or organisation for their exclusive use over a period of time
and across a certain geographical location. Conversely, bands such as the Industrial Scientific
and Medical (ISM) band and the TV White Space (TVWS) band can be used by unlicensed
devices.

Since the need for the RF spectrum continues to increase, the question of how best to manage
and share the spectrum has become a major interest within the research community. It has been
demonstrated that spectrum belonging to licensed users is very often underutilised, leading to
the existence of so called “spectrum holes”. A method that aims to exploit the existence of
“spectrum holes” and enable spectrum sharing is the shared-use model for Dynamic Spectrum
Access (DSA). In the spectrum overlay version of this model, the band of interest belongs to
the primary user and the secondary user aims to opportunistically access the band when it is
determined that the primary user is not transmitting, achieving this without causing interference
to the primary user. It is hypothesised that this approach could be used to enable sharing of
licensed spectrum with unlicensed users, thereby leading to more efficient use of the spectrum.

Moreover, this model could equally be applied in unlicensed bands, to ensure that they are
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shared more efficiently between users.

The key enabler for DSA will be Cognitive Radio (CR); an intelligent radio system that can
modify its transmissions based on decisions made about its RF operating environment. The
CR will itself be enabled by Software Defined Radio (SDR), which is a radio where the physical
layer is implemented purely in software, or using a hardware platform whose functionality can
be controlled using software.

One of the most important components of a CR system will be the mechanism that it uses
to gain knowledge about its operating environment. A major approach that has been proposed
for this is spectrum sensing. Spectrum sensing is the process of determining whether or not a
particular frequency band is occupied by a communications signal. Several methods exist to
perform spectrum sensing including energy detection, matched filter detection and cyclostation-
ary detection. In recent years, cyclostationary detection has become a popular research area
for spectrum sensing in CR due to the fact that a large number of communications signals are
cyclostationary in nature. These signals can be categorised as wide-sense cyclostationary, if their
second order statistics repeat with an identifiable fundamental period. This is a powerful prop-
erty to exploit for detection as it is intimately related to the structure of each particular signal,
and it can be used to easily distinguish the signal from noise, which is statistically stationary.

A digital modulation method that has seen wide-scale adoption is Orthogonal Frequency
Division Multiplexing (OFDM). This modulation scheme has several advantages including spec-
tral efficiency, robust performance in multipath channels and efficient implementation using the
Fast Fourier Transform (FFT) algorithm. OFDM is implemented in the physical layer of com-
munications standards such as the IEEE 802.11 family of standards (WiF1i), the Digital Video
Broadcasting (DVB) standards and 3rd Generation Partnership Project (3GPP) Long Term
Evolution (LTE). OFDM is also a candidate to be the basis of the new 5G mobile standard.
A fundamental component of the OFDM signal is the Cyclic Prefix (CP), which is added to
combat Inter Symbol Interference (ISI) between OFDM symbols and leads to a simplification
of the equalisation process in the receiver. The addition of the CP causes the autocorrelation
function to repeat with a fundamental period equal to the overall OFDM symbol period, and
thus makes it wide-sense cyclostationary. Since it is popular and widely used, developing ap-
proaches for cyclostationary detection of OFDM waveforms within the context of DSA and CR

is an important and interesting problem.
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1.2 Research Aims

This thesis aims to present a contribution to the problem stated above by developing new algo-
rithms for the detection of OFDM signals that exploit their inherent cyclostationarity and that
can be used for spectrum sensing in a DSA and CR context. More specifically, the algorithms
belong to a class of detector that uses a statistical test based on estimation of the Cyclic Auto-
correlation Function (CAF) of the received OFDM signal. The proposed detectors are based on
a novel technique of splitting the CAF into two complex component functions and are called the
Split-CAF Generalised Likelihood Ratio Test (GLRT), Split-CAF Low Complexity, Split-CAF
Spatial Sign and Split-CAF Quantised detectors.

The first objective is to derive these detectors from first principles and to assess their perfor-
mances when compared to existing approaches found in the literature. The algorithms should
outperform existing approaches when compared using an appropriate quantitative performance
metric. The second objective is to ensure that the algorithms can offer robust detection of
OFDM signals in different scenarios apart from the commonly used Additive White Gaussian
Noise (AWGN) model, such as in the presence of impulsive noise, and when the transmitted
signal is exposed to impairments such as multipath fading and Carrier Frequency Offset (CFO).
A third major objective is to guarantee that the algorithms are computationally efficient and
as such can be implemented at a reasonable cost on an FPGA. This objective includes ensuring
that they are mapped to the FPGA in a manner that avoids consuming hardware resources

unnecessarily.

1.3 Original Contributions

With the research aims outlined in the previous section in mind, the original contributions to

knowledge provided by this thesis can be summarised as follows:

e In Chapter 4, a unifying description and derivation of existing CAF based detectors is
provided. This includes verification of their probability distributions under the null hy-
pothesis and an assessment of their performance for detection of IEEE 802.11a/g and

DVB-Terrestrial (DVB-T) OFDM signals in AWGN and impulsive noise environments.

e In Chapter 5, a novel technique is suggested where instead of basing the statistical test
on estimation of the CAF, it is based on estimation of two complex component functions

of the CAF, which are formed using the real and imaginary parts of the autocorrelation
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lag product respectively. Subsequently, three new detectors are derived: the Split-CAF
GLRT, Split-CAF Low Complexity and Split-CAF Spatial Sign detectors. Of these, the
Split-CAF Low Complexity detector was published in [1]. The distributions of each new
test statistic under the null hypothesis are derived and confirmed in simulation. Each of
these detectors are re-derivations of the detectors introduced in Chapter 4. It is shown
that the detection performance of each of the proposed algorithms surpasses the existing

algorithms in AWGN and impulsive noise environments.

e A new statistical test is proposed which combines a hard quantisation with estimation of
the two component functions of the CAF. This detector is called the Split-CAF Quantised
detector and it is shown to perform robustly in AWGN and impulsive noise, and to be

very efficient in terms of low level resources when implemented on an FPGA.

e A theoretical justification is provided for the performance improvement exhibited by the
Split-CAF detectors over their traditional CAF counterparts. In addition, the detection
performance of each of the proposed algorithms is assessed for time varying multipath

channels and in the presence of CFO.

e In targeting the algorithms for FPGA implementation in Chapter 6, an assessment of their
relative costs in terms of low level resources is provided. In order to ensure that hardware
resources are not used unnecessarily, it is proposed that hardware sharing should be used
when implementing the Split-CAF detectors. Furthermore, a simple mathematical re-
arrangement is suggested for test statistics that are expressed as a fraction, in order to

circumvent the division operation. This idea was first published in [2].

1.4 Thesis Organisation

In Chapter 2, a short review of the background of wireless communications is provided. This
includes information on several standards for wireless communications. Following this, the
concepts of DSA, CR and SDR are introduced before leading into the mathematical background
required to express cyclostationarity. Finally, a short review of FPGA technology is provided.

In Chapter 3, an introduction to Multi-Carrier Modulation (MCM) and OFDM is provided.
This includes a review and discussion of multipath propagation effects. Following this, the use
of OFDM in the IEEE 802.11a/g and DVB-T standards is discussed.

In Chapter 4, the background to hypothesis testing for signal detection is provided and the
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cyclostationarity of OFDM due to the CP is established. In particular, the cyclic frequencies of
IEEE 802.11a/g and DVB-T OFDM signals are verified. Following this, three cyclostationary
detection algorithms found in the literature are derived and their distributions under the null
hypothesis are confirmed in simulation. The algorithms are then tested for detection of IEEE
802.11a/g and DVB-T waveforms in AWGN and impulsive noise.

In Chapter 5, the proposed Split-CAF GLRT, Split-CAF Low Complexity, Split-CAF Spa-
tial sign and Split-CAF quantised detectors are derived and their distributions under the null
hypothesis are confirmed theoretically and in simulation. These are then tested in detection of
IEEE 802.11a/g and DVB-T waveforms in AWGN and impulsive noise. Finally, their perfor-
mance under radio impairments is assessed.

In Chapter 6, FPGA targeting of the algorithms is considered. The chapter begins by
reviewing HDL Coder and Vivado software tools. This is followed by a review of FPGA hardware
sharing techniques. The details of the implementation of each of the algorithms in the previous
two chapters in HDL Coder is provided. This is followed by an assessment of their relative costs
in terms of low level resources on the FPGA. Finally, the performance of each of the HDL Coder
implementations are verified.

In Chapter 7, conclusions are drawn and future directions for this research are suggested.



Chapter 2

Dynamic Spectrum Access and

Cognitive Radio

2.1 Introduction

In this chapter, an overview of the physical layer of a wireless digital communications system
is provided alongside a brief review of wireless communications standards. Following this, the
concepts of SDR, DSA and CR are introduced and the need for spectrum sensing is discussed.
Having established the motivation and context for the research problem, the relevant mathe-
matical background for cyclostationary signal processing is described. Finally, a background
discussion of FPGAs is given and their potential role in the realisation of DSA and CR is
highlighted.

2.2 Wireless Communications Background

Wireless communications encompasses any transfer of information between communicating en-
tities that are not physically connected to one another. Wireless telecommunications is achieved
through the use of the RF spectrum, which is a section of the electromagnetic spectrum rang-
ing from 3kHz to 300GHz. Early uses of wireless communication via the RF spectrum include
broadcast of text using Morse Code and transfer of audio using Amplitude Modulation (AM)
and Frequency Modulation (FM). AM and FM are still widely used by commercial radio stations
today. Over the years, RF communication has been developed further to incorporate countless
other applications such as mobile/cellular communications, satellite communications, broadcast-

ing of television signals, wireless networking between devices such as laptops, computers and
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tablets and wireless internet access. Another important use of the RF spectrum is radar, which
has both commercial and military applications, and the Global Positioning System (GPS) for

navigation applications. RF is also used for amateur radio and radio astronomy.

2.2.1 Wireless Digital Communications Transceiver

A useful conceptual model for the components in a modern telecommunications system is the
Open System Interconnection (OSI) model [3]. This model divides the system into seven distinct

layers, as illustrated in Figure 2.1.
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Figure 2.1: Illustration of OSI Stack

In this thesis, focus is placed on the physical layer, which encapsulates all of the functionality
required to physically transmit and receive data using an appropriate transmission medium. In
this case, digital data is transmitted and received wirelessly using signals in the RF spectrum.
Figure 2.2 illustrates the major components of the physical layer of a single-carrier wireless

digital communications system, for an architecture known as a baseband digital radio [4]. In
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this system, all of the digital signal processing is performed at baseband.

Channel Baseba|'1d Pulse Shaping Up-
Codin —> Modulation and —> DAC ™| convertto
g (QPSK,QAM) Interpolation RF
Channel
ch | Baseband Matched Down-
D andn_e l«-{ Demodulation [+ Filterand [+—= ADC [+— convert to [«
ecodine (QPSK,QAM) Decimation Baseband

Figure 2.2: High level illustration of Digital Communications system

In traditional Double-Sideband AM (DSB-AM), the bandwidth of the signal after modulating
the carrier is twice the bandwidth of the baseband signal, leading to an inefficient use of the
spectrum. In modern digital communications systems, both the In-phase (I) and Quadrature (Q)
components of the carrier frequency are utilised to enable transmission of two independent digital
data streams inside the same bandwidth occupied by the DSB-AM signal, thus creating a more
spectrally efficient transmission. This architecture is known as digital Quadrature Amplitude
Modulation (QAM). In digital communications theory, the notation of complex numbers is
employed in order to simplify the mathematics used to describe the QAM architecture [5] [6].

In Figure 2.2, the physical layer processing in the transmitter begins with binary data re-
ceived from a higher layer in the communications system, that is to be transmitted across the
channel. The first stage is to apply channel coding, that is used in the receiver to detect and
correct bit errors introduced due to imperfections in the channel [7]. Typical error-correcting
codes for channel coding include convolutional codes, Reed-Solomon codes and Turbo codes.
After applying the channel coding, the binary data is grouped into blocks of m bits, and each
block is mapped to a specific symbol. Using complex notation, the symbol s[n], is represented
as,

sln] = sr[n] + jsq[nl, (2.1)

where s;[n| is the discrete-time in-phase component and sg[n| is the discrete-time quadrature

component [6]. Since each symbol represents a group of m bits, the number of possible symbols,
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M, is given by,

0000 0100 1100 1000

0001 0101 1101 1001

0011 0111 1111 1011

0010 0110 1110 1010

Figure 2.3: Constellation diagram for 16-QAM

There are several common symbol mapping schemes including Binary Phase Shift Keying (BPSK),
Quadrature Phase Shift Keying (QPSK), 16-QAM and 64-QAM. An example of the constella-
tion diagram for 16-QAM is shown in Figure 2.3. In this scheme, each symbol represents a block
of m = 4 bits, which means there is a total of M = 16 possible symbols. Using higher level
constellations improves the spectral efficiency of the transmission, by enabling a larger amount

of data to be transferred across a fixed bandwidth. The bit-rate is related to the symbol rate as

Ry = mRq, (2.3)

where R is the symbol rate and R is the bit-rate. The symbols are interpolated to a rate that
matches the Digital to Analogue Converter (DAC) and passed through a pulse shaping filter to
control the signal bandwidth, as shown in Figure 2.2. A popular pulse-shaping filter is the Root
Raised Cosine (RRC) filter, whose response is determined by the Roll-off-factor (ROF), 5. The

10
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signal bandwidth, B, at the output of the pulse shaping filter is given by,

B =Ry(B+1). (2.4)

Note that S is limited in the range 0 to 1. After interpolation and filtering, the digital samples
are converted to an analogue signal using the DAC. Finally, the signal is up-converted to RF,
either directly, or through an Intermediate Frequency (IF) stage.

In the receiver, the modulation process in the transmitter is reversed as shown in Figure 2.2.
The signal is down-converted from RF to baseband and converted to digital format using an
Analogue to Digital Converter (ADC). The samples are then passed through a matched filter
whose response matches the original pulse shaping filter and decimated to the symbol rate.
The symbols are translated into bits through demodulation, and the resulting bits are decoded
to recover the original binary data stream. It should be noted that the receiver processing is
significantly more complex than illustrated in Figure 2.2, as synchronisation stages are required
in order to correct for impairments introduced through the wireless channel.

In general, more complicated digital transmission techniques exist, for which the modulation
process is not adequately described by the diagram in Figure 2.2. For example, as will be
seen, OFDM involves organising symbols into larger blocks, where each individual symbol in
the block modulates a harmonically related sub-carrier. However, the diagram does serve as a
high level representation of the physical layer processing for a generic digital communications
system. In subsequent chapters, all processing and detection of OFDM signals will be carried

out at complex baseband.

2.2.2 Wireless Communications Standards

Over the past few decades, a large number of communications standards and protocols have
been developed in step with the demands of consumers of wireless technologies. For example, the
capabilities offered by mobile and cellular communications standards have increased significantly
over the years, in order to cope with demands for increased capacity and data rate.

The first generation of mobile standards or 1G was released in the 1980s, and was called
Advanced Mobile Phone Service (AMPS) in the US and the Total Access Communications
System (TACs) in the UK and Europe [5] [8]. These systems were the first to employ the
cellular concept, wherein a large geographical region is divided into cells, each of which is served

by at least one base station. The TACs system was deployed in the band 862-890 MHz and used

11
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a Frequency Division Multiple Access (FDMA) scheme with 25kHz wide channels. TACs used
FM to provide a basic voice service to users and employed Frequency Shift Keying (FSK) for
control channels, operating at a data rate of 8kbps [5] [8].

For second generation (2G) systems onwards, the maintenance and development of mobile
communications standards used in Europe is managed largely by the 3rd Generation Partnership
Project (3GPP) [9]. 3GPP is a consortium of communications organisations which includes the
European Telecommunications Standards Institute (ETSI) and Alliance for Telecommunications

Industry Solutions (ATIS). The evolution of the 3GPP standards is illustrated in Figure 2.4.

GSM
GPRS EDGE UMTS HSPA HSPA+
Rel 97 Rel 98 Rel 99 Rel 5 &6
LTE LTE-A

Rel 7,8 &9 Rel 10 & 11

Figure 2.4: Evolution of 3GPP Mobile Standards

2G technologies use digital transmission and operate based on the Global System for Mobile
Communications (GSM) standard in the UK. This standard was originally developed by ETSI
but is currently maintained as part of 3GPP. The original GSM standard provided the voice
service using Time Division Multiple Access (TDMA) and FSK for modulation in the physi-
cal layer [5]. Data communications services such as text and multimedia messages were then
provided through the packet switched General Packet Radio Service (GPRS) in GSM Release
97, which is managed by the 3GPP [5] [10]. A further improvement on GPRS came with the
Enhanced Data Rates for GSM Evolution (EDGE) service [5]. GSM systems are still widely
used around the world today.

Third generation systems or 3G again represented a further enhancement of the services
offered by 2G. The 3GPP standard is called the Universal Mobile Telecommunications System
(UMTS) and it employs Wideband Code Division Multiple Access (WCDMA) at the physical
layer. Multiple users transmit on the same frequency simultaneously but are separated by a
unique spreading code. UMTS was designed to provide the services offered by 2G systems
but also expanded to include services such as video streaming and broadband internet access.

UMTS was first specified in 3GPP Release 99 and was further enhanced by the addition of High

12
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Speed Downlink Packet Access (HSDPA) in Release 5 and High Speed Uplink Packet Access
(HSUPA) in Release 6. These additions are collectively referred to as High Speed Packet Access
(HSPA), as illustrated in Figure 2.4 [9]. A further development came with Evolved High Speed
Packet Access (HSPA+) in 3GPP Release 7. Increasing the achievable data rate was realised by
employing higher order modulations, Multiple Input Multiple Output (MIMO) technology and
carrier aggregation. The amendments were designed to be backwards compatible with legacy
UMTS systems (Rel 99) and to use the same frequency bands [9].

The next step in the development of mobile standards came with LTE, which was first
specified in 3GPP Release 8 [11]. As with previous generations, LTE was designed to enhance
the achievable data rate and capacity offered by existing mobile networks. This was mainly
achieved by transferring from an air interface based on WCDMA to one based on OFDM for
the downlink and Single Carrier Frequency Division Multiplexing (SC-FDM) for the uplink,
and combining these technologies with MIMO techniques. The LTE standard supports both
Frequency Division Duplexing (FDD) and Time Division Duplexing (TDD) to separate uplink
and downlink channels. LTE, as specified in Release 8, is generally referred to as 3.9G as it
does not quite meet the requirements of a 4G technology. However, LTE-Advanced specified in
3GPP Release 10, is more accurately described as a 4G system [9)].

Another major developer of communications standards has been the Institute of Electri-
cal and Electronic Engineers (IEEE). The most relevant of these standards is the IEEE802.11
standard for Wireless Local Area Networks (WLAN). This standard is developed and managed
by the IEEE Local Area Network/Metropolitan Area Network Standards Committee or IEEE
802. Deployments of WLANs that are based on the IEEE 802.11 standard are more commonly
known as WiFi networks. Since it is common for WLAN systems to be based on the IEEE
802.11 standard, the term WiFi is often used to refer to any 802.11 WLAN. WiFi systems have
seen deployment on a global scale in settings such as schools, universities, office buildings and
people’s homes. The OFDM physical layer was first implemented as part of the IEEE 802.11a
standard introduced in 1999 for operation in the 5GHz band. This was extended for opera-
tion in the 2.4GHz ISM band in the IEEE 802.11g standard. In the“roll-up” document IEEE
802.11-2012 [12], the IEEE 802.11a/g OFDM physical layer is described with enhancements to
provide increased throughput under the umbrella of IEEE 802.11n. In IEEE 802.11n, higher
throughputs are achieved using several methods such as by exploiting MIMO technology and
optionally reducing the length of the CP relative to the length of the data symbol.

This brief review of wireless communications standards has served to highlight the diversity

13
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and proliferation of wireless technologies that are in use today. Developments in these tech-
nologies have been required to accommodate the need to support larger numbers of users and
to provide higher data rates for applications such as video streaming. The coupling of rapid
advancement in the capabilities of hardware platforms such as DSPs and FPGAs, in step with
Moore’s law, and the development of advanced modulation and signal processing techniques

such as OFDM and MIMO, have made meeting these demands achievable.

2.3 DSA and CR

As illustrated in the previous section, the demand for wireless communications services has led
to the development of a wide range of technologies and standards. However, with this growth,
comes the problem of how to ensure that the spectrum is managed and shared in an optimal
manner. In the following sections, the concepts of DSA, CR and SDR will be introduced, which

may combine to form a solution to this problem.

2.3.1 Software Defined Radio

In DSA and CR systems, a major requirement will be that the radio is flexible and reconfigurable,
such that it can adjust its operation in response to changes in the RF environment. Consequently,
SDR has been proposed as the basis for the implementation of CR [13].

SDR was succintly defined by the IEE and SDR forum as “Radio in which some or all of
the physical layer functions are software defined.” [14] [15]. This definition can be expanded
to a radio whose core physical layer components including coding, modulation, filtering and
fundamental operating parameters such as frequency band and transmitter power, are either
implemented in software or can be controlled through software [13] [16]. This paves the way for a
universal system that can support a diverse range of communications standards and technologies
from a single piece of radio hardware [17]. Some candidate platforms for the implementation
of SDR include DSPs and FPGAs, whose functionality can be reconfigured after the initial
manufacturing stage, unlike Application Specific Integrated Circuits (ASICs).

The idea of an all-purpose SDR, platform is not new and first emerged frm the military
domain. An early example was the SPEAKeasy system, developed by the Defense Advanced
Research Projects Agency (DARPA) [18]. The SPEAKEasy system combined a software defined
physical layer with a flexible RF front end to support multi-band operation. The main impetus

behind the development of the SPEAKEasy system was that several branches of the military
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used different and, thus, incompatible communications standards. Therefore, it was difficult for
the different sectors to communicate easily in the field. The purpose of the SPEAKEasy system
was to design a radio capable of supporting ten distinct standards, on a single programmable
device. Another important requirement of the SPEAKEasy system was to allow future updates
to support newer standards and features, as and when necessary. A Texas Instruments processor
and FPGAs were also used for the radio hardware. Another military SDR system that followed
SPEAKEasy was the Joint Tactical Radio System (JTRS).

2.3.2 Dynamic Spectrum Access and Cognitive Radio

Currently, the spectrum is controlled by government organisations, such as Ofcom and the
FCC. It has been found that the spectrum assigned to licensed users is often underutilised both
temporally and geographically. A solution that has been offered to address this problem is DSA.

DSA is a blanket term that encompasses a number of alternative approaches to allow spec-
trum to be shared efficiently. There are three categories of DSA: common-use, exclusive-use and
shared-use [16] [19]. The common-use model refers to an unlicensed band that is shared equally
among various users. This type of DSA can be found in the ulicensed ISM band [16]. In the
exclusive-use and shared-use models, spectrum users are divided into two categories: primary
users and secondary users. The primary user is the licensed user, and thus they hold exclusive
rights to the spectrum assigned to them. The secondary user is an unlicensed entity that aims
to make use of the spectrum belonging to the primary user. The mechanism by which the
secondary users make use of the primary user spectrum differs between the exclusive-use and
shared-use DSA models. In the exclusive-use model, the secondary user is given exclusive use
of the spectrum for a given amount of time, with the explicit knowledge and cooperation of the
primary user. Conversely, in the shared-use model, the secondary user accesses the spectrum
without the knowledge of the primary user, provided that they do not appreciably interfere with
the operation of the primary user. [16] This model is the most relevant to the work carried out
in this thesis, as sensing the primary user band is a core requirement.

There are two major approaches for secondary user transmitters in the shared-use model:
spectrum underlay and spectrum overlay. In spectrum underlay, the secondary user transmits
at a sufficiently low power such that the generated interference has a negligible impact on the
primary user. This method implicitly assumes that the primary user never stops transmitting
and thus does not make use of the so-called “spectrum holes” [16]. The alternative approach is

spectrum overlay, where the secondary user opportunistically accesses the primary user spectrum
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when it detects a “spectrum hole” [16]. Inherent in this model is the requirement for the radio to
gather information about its operating environment and then to use this information to decide
whether or not it is suitable to begin transmitting. A hypothesised enabling technology for DSA
is CR [19].

Decision [«
Tx Rx
SD SDR Spectrum
Transmitter Receiver Sensing

Figure 2.5: High level illustration of components of CR

A CR is a radio system that has awareness of its RF environment. It uses the information it
derives from this awareness in order to modify its fundamental operating parameters. These
parameters include carrier frequency, transmit power and physical layer components [13] [16].
For example, if a CR device determined that a particular band was in use by the primary user
at a given time, it could use this information to modify its carrier frequency, thus allowing it to
assess the occupancy of a different band. Since the operation of the CR is influenced by decisions
it makes about its environment, it must be reconfigurable by nature. Therefore, CR will itself
be based on SDR, since this will be the technology that enables it to self-reconfigure [13]. In this
research, the mechanism by which the CR is able to make sense of its environment is of particular
interest. The core components of a CR transceiver and their interconnections are illustrated in
Figure 2.5. The first component is a multi-standard SDR receiver that is able to facilitate
reception of different secondary user signals and the second component is the spectrum sensing
module, which allows the CR to make an informed decision regarding its operating environment.
This information can then be used to determine the correct time to begin transmitting.
Spectrum sensing in the CR receiver is achieved by sampling a band of interest and deter-
mining whether or not it contains a primary user signal. This can be achieved locally by a single
CR device or through cooperation between different CR devices, using either a centralised or
distributed approach [16]. Some of the most common techniques to achieve spectrum sensing

include matched filtering, energy detection and cyclostationary feature detection. Each of these
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methods will be described in greater detail in Chapter 4, with cyclostationary feature detection
being the focus of the research described in this thesis.

Due to the nature of various communications signals, it is often the case that their statistical
properties vary periodically. This is known as the cyclostationary property of the signal. In
digital communications, the periodicity is usually related to the symbol rate or carrier frequency.
This property can be used very effectively for spectrum sensing in a CR device since different
signals of interest have unique cyclic features, thus allowing them to be easily identified. It is
also the case that noise is statistically stationary, meaning that cyclostationarity is a very useful
tool for distinguishing a signal embedded in noise. It is often claimed that using cyclostationary
feature detection is disadvantageous due to its computational complexity. However, a major
contribution of this thesis will be to show that it can be performed effectively at a very low cost,
and thus that it is a viable option for use in the spectrum sensing module of the CR receiver.
The necessary statistical background required to understand cyclostationarity will be introduced
in the following section.

Another key consideration for the implementation of CR is the chosen hardware platform.
Due to their inherent flexibility and re-programmability, FPGAs are a natural choice. Since the
CR will likely be based on SDR, it is necessary for the physical layer hardware to be re-configured
during operation. This can be achieved using technologies such as Partial Reconfiguration (PR)
which enables a portion of the FPGA to be re-programmed dynamically while the remainder
continues operating as normal [15]. Since FPGAs are a prime candidate for the implementation
of CR, it makes sense to investigate their use for the implementation of spectrum sensing al-
gorithms. Therefore, in Chapter 6, various existing and proposed solutions for cyclostationary
feature detection are targeted for implementation using a Xilinx FPGA device and their rela-
tive hardware costs are compared. These algorithms are also of interest for other applications
aside from spectrum sensing for CR, so prototyping them using FPGAs is a useful step before
considering implementation using ASICs. A review of the fundamentals of FPGAs will be given

in the final section of this chapter.

2.4 Mathematical Background

As mentioned in the previous section, one of the key components of a CR device is the spectrum
sensing module, since it will rely on this to gain knowledge about its operating environment.

This thesis is concerned with the development and implementation of effective and efficient cyclo-
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stationary feature detection algorithms for spectrum sensing. Therefore, in this section, we will
introduce the necessary mathematical concepts required in order to gain a deeper understanding

of cyclostationary signal processing.

2.4.1 CDF and PDF

A random variable is defined as a function that maps the outcome of an experiment to a real or
complex number. The abstract space that contains every possible outcome of the experiment is
called the sample space and random variables can either be continuous or discrete. A continuous
random variable can take on an infinite number of possible values, whereas a discrete random
variable can only take on a finite number of distinct values. In this discussion, we will focus
on continuous random variables in order to introduce fundamental concepts. Since a random
variable is by definition random, it must be characterised statistically. The first metric available
to describe a random variable is the Cumulative Distribution Function (CDF), which is defined
as follows,

Fx(x) = Pr[X <z, (2.5)

where Pr[.] denotes probability, X corresponds to the random variable and x is the argument
passed to the CDF. Intuitively, the CDF gives the probability that a random variable takes on a
value less than or equal to the argument passed to it. The Probability Density Function (PDF)

is defined as the first derivative of the CDF and is expressed mathematically as,

fx(a) = 4 Fx(@) (2.

where % denotes the first derivative. Substituting the value z into (2.6), determines the proba-
bility that the random variable will take on a value between x and x + dz. The CDF and PDF
fully characterise the random variable in a statistical sense and it is sufficient to have either,
since it is possible to derive one from the other. For a complex random variable, the PDF and
CDF cannot be computed directly, so the behaviour can be characterised by the joint CDFs and
PDFs of the real and imaginary parts [20].

2.4.2 Moments

The first moment of a random variable is the mean, u, which is given by,

p=EX) = [ afs@as, (2.7)

—00
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where EJ[] is the expected value. In practice, the PDF is not required to compute the expected
value since it is well approximated by computing the average. The second moment is the mean

square value,

oo
BIX? = / 22 fx (2)dz. (2.8)
— 0o
The second central moment or the variance is,

oo

o2 = E[(X — p)? = / (2 — )2 fx (2)da. (2.9)

—00

This measures the extent to which a random variable varies around its mean value, and is always
positive [20]. A larger variance indicates a larger spread of values around the mean. The square
root of the variance is referred to as the standard deviation and is denoted as 0. Note that the
second moment and second central moment are equivalent when g = 0. Higher order moments
include skewness and kurtosis. However, these are not relevant to the work carried out in this
thesis.

Joint moments can be defined in order to characterise the statistical relationships between
sets of random variables. Consider the case where there are two random variables X and Y. The

second joint moment is called the correlation [20] and is defined as,
rxy — E[XY*] (210)

Note the conjugate operator * is included in the definition for the case where the random

variables are complex. The covariance between X and Y is defined as,
cxy = E[(X — pux)(Y — py)*] = E[XY"] — pxpy. (2.11)

The covariance is equivalent to the correlation if ux = py = 0 [20]. Having defined the key
tools for statistically characterising a random variable, we can now move on to define a random

process.

2.4.3 Random Processes

The concept of a random process follows directly from the concept of a random variable, in that
it assigns a random signal to the outcome of an experiment. Random processes are fundamental

to signal processing and communications theory, as many signals of interest are characterised as
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random processes. In order to illustrate the concept of a random process, consider an experiment
where the outputs of several signal generators are observed simultaneously. In this case, the
sample space consists of an ensemble (two shown) of random time-varying signals as in Figure

2.6.
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Figure 2.6: Illustration of Random Process

If the output of each signal generator is captured at time g, there is a value for z(¢y) for each
signal in the sample space, as illustrated in Figure 2.6. Therefore, x(ty) can be viewed as a
random variable and the CDF, PDF and moments can be used to describe it statistically. From
this definition, it is clear that a random process is simply a collection of random variables, each
of which is defined at a particular time instant. The relationships between different random
variables of the process (e.g z(to) and x(t1)), can be ascertained by calculating their joint PDF's,

CDF's and moments. Of particular interest is the autocorrelation function which is defined as,

Rao(t,7) = Blz(t)z*(t — 7)), (2.12)

where 7 is called the lag parameter and x(¢)z*(t — 7) is the autocorrelation lag product. It
is clear that the autocorrelation function measures the significance of the relationship between
two random variables in the process, separated by a fixed time step 7. A related function is the

autocovariance function,

Cra(t,7) = El(x(t) — Elx(t)])(z(t —7) = E[z(t —7)])"]. (2.13)

The autocovariance function equals the autocorrelation function when E[z(t)] = E[z(t—7)] = 0.
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Having defined the concept of a random process, some relevant classifications of random processes

can be defined.

2.4.4 Stationary Processes

A random process is called stationary if its statistical parameters are time-invariant. There are
two forms of stationary process: strict-sense stationary and wide-sense stationary. A process is

strict-sense stationary if its n!” order joint CDF is independent of time [20],

Fx(x(to),...,x(tn)) = Fx(z(to + 7), e, x(tn + 7)). (2.14)

In other words, the joint CDF of any n random variables drawn from the random process is the
same, regardless of the point in time that it is measured. It follows that all joint moments and
moments of random variables in the process are also independent of time. A random process
is said to be wide-sense stationary if its mean (first moment) and its autocorrelation function

(second joint moment) are time-invariant i.e.,

u(t) = p, (2.15)

Rx:c(taT) = Rx:r:(T) (216)

As can be observed from (2.16), the autocorrelation function is only dependent on the lag
parameter 7 for a stationary process. A prominent example of a stationary process is AWGN.

In this case, the process can be described fully using only its first and second order moments.

2.4.5 Cyclostationary Processes

As mentioned earlier, it is often the case that communications signals are cyclostationary in
nature. This allows signals to be distinguished from background noise, since it is stationary.
As with stationary processes, there are two kinds of cyclostationary process: strict-sense cyclo-
stationary and wide-sense cyclostationary. As many communications signals fall into the latter
category, it is sufficient to define a wide-sense cyclostationary process for the purposes of this
thesis. A process is called wide-sense cyclostationary if its mean and autocorrelation function

are periodic with fundamental period Ty as defined below,

p(t) = pu(t + To), (2.17)
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Rxw(taT) = Rx:}c(t"'TOaT)- (2.18)

In this case, the autocorrelation function is dependent on both 7 and ¢, and repeats after a
specific interval of Ty. In this thesis, we are interested in the periodic nature of the autocorre-
lation function as this will be exploited for detection purposes in the following chapters. The

fundamental cyclic frequency of a cyclostationary process is defined as,

1
= —. 2.19
@0 = 7 (2.19)

The process will also have harmonically related cyclic frequencies at integer multiples of . Since
the signal detection algorithms relevant to this problem do not rely on Higher Order Statistics
(HOS), the assumption that our signals of interest can be designated wide sense cyclostationary
is sufficient.

As the autocorrelation function is periodic, it can be decomposed into a Fourier Series (FS),

Rus(t,r) = Y RUT(r)e ™", (2.20)

n=—0oo

where the subscript n defines the range of cyclic frequencies, and RZxTO (1) is the CAF. The
CAF is expressed as,

1 [T

Ry (7) = Raa(t,m)e 27T  dt. (2.21)

" To o
2.4.6 Ergodic Processes

Up until this stage, the focus has been placed on random processes, which have been defined
as an ensemble of random time varying functions or signals. In order to characterise a random
process, statistical parameters are measured across the entire ensemble of signals in the process.
However, it is impossible to observe and record the entire random process. In fact, only a single
realisation can be captured in a practical situation.

An ergodic process is defined as a process whose ensemble statistics can be reliably estimated
from observation of a single realisation of the process. As the observation interval increases, so
too does the reliability of the estimates of the statistical parameters. Consider estimating the

autocorrelation function of a wide-sense stationary process using an average in time as,

N

T
Rt 7) = % /O st (t— ), (2.22)
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where Rm(t,T) denotes an estimate of the true autocorrelation function Ry, (¢, 7). If Rm(t, T)
converges asymptotically to R, (t,7) in a mean-square sense, then the random process is said to
be autocorrelation ergodic [20], and thus a reliable estimate of the autocorrelation function can
be made from observation of a single realisation of the process. For a wide-sense cyclostationary

process, an estimate of the true CAF can be computed as,
/T 1 7o * —Jj2n -t
RYSO(T) = = x(t)z*(t — 7)e To " (t. (2.23)
0.Jo

Again, if Ru/To (1) converges asymptotically to Rru/To (7) in a mean-square sense, then the pro-
cess can be called cyclic autocorrelation ergodic. It is a key assumption for all of the algorithms
described in this thesis, that the signals we wish to detect belong to the family of wide-sense cy-
clostationary and cyclic autocorrelation ergodic random processes, and thus that we can identify

them by computing (2.23).

2.5 Overview of FPGA Technology

In this final section, the fundamentals of FPGA technology will be reviewed, since they are a
prime candidate for the implementation of SDR and CR systems. Also, each of the cyclostation-
ary detection algorithms introduced in Chapters 4 and 5 are targeted for FPGA implementation
in Chapter 6.

An FPGA is a special form of integrated circuit that consists of an array of low level logic
blocks and interconnections that can be re-programmed after manufacture. This stands in op-
position to an ASIC, which has a fixed function and cannot be re-programmed. FPGAs are
popular because of their re-programmability, capacity for parallel processing and low power
consumption. For these reasons, FPGAs are ideally suited for embedded Digital Signal Process-
ing (DSP) applications. They are also very useful for prototyping of specialist hardware, that
will subsequently be implemented in an ASIC. There are two major manufacturers of FPGAs,
Xilinx and Intel and, for the purposes of this thesis, focus will be placed on devices manufactured

by Xilinx.

2.5.1 FPGA Programming

An FPGA design is defined using a Hardware Description Language (HDL) such as Very High
Speed Integrated Cicruit HDL (VHDL) or Verilog. Aside from using VHDL or Verilog directly, it
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is also possible to generate an FPGA design using a tool operating at a higher level of abstraction,
from which the VHDL or Verilog code is generated. Common high level tools include High Level
Synthesis (HLS) [21], Xilinx System Generator [22] and MathWorks HDL Coder [23]. In HLS,
the design is implemented in C and C++ and the VHDL code is generated from this. Xilinx
System Generator is a tool which comprises a library of blocks that are used inside the Simulink
environment in MATLAB. Simulink is a block based tool which is ideally suited for modelling
and simulation of signal processing systems. HDL Coder is a similar tool to Xilinx System
Generator, except that it is more vendor agnostic and can be used to target both Xilinx and
Intel devices. HDL Coder will be described in more detail in Chapter 6, where it is used to

implement the cyclostationary detection algorithms.

2.5.2 FPGA Architecture and Design

The state of the art Xilinx devices are the UltraScale+ and UltraScale devices, and each have
Virtex and Kintex variants [24] [25]. These devices were preceded by the 7 Series devices [26]
which consist of four families: Spartan-7, Artix-7, Kintex-7 and the Virtex-7. In Chapter 6, an
Artix-7 FPGA will be used for targeting the hardware designs. Xilinx also manufactures System-
On-Chip (SoC) technologies in the form of Zynq devices which include the Zynq UltraScale+
MPSoC [27] and the Zyng-7000 [28]. The Zyng-7000 devices incorporate a tightly coupled ARM
processor and an FPGA from either the Artix-7 or Kintex-7 families [15]. These architectures
allow designs to be partitioned effectively into hardware and software components and the devices
incorporate highly effective data transfer between the ARM processor or the Processing System
(PS) and the FPGA or Programmable Logic (PL).

The main building block found on a Xilinx 7 series FPGA device is called a Configurable
Logic Block (CLB). The vast majority of the FPGA consists of an array of CLBs that can be
connected together via special programmable interconnections. The array of CLBs is known
collectively as the FPGA fabric. A CLB is further comprised of two logic slices as illustrated in
Figure 2.7.
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Figure 2.7: Illustration of Xilinx CLB

The slice itself contains Look up Tables (LUTSs) and Flip-Flops (FFs) as in Figure 2.7, which are
the fundamental logic blocks that enable the synthesis of combinatorial and sequential circuits.
Each LUT can be configured to implement a particular combinatorial boolean function by storing
the output for each possible combination of its inputs. In this way, the LUT provides a very
efficient method of implementing potentially very complex boolean functions. The LUTs are
combined to implement larger and more complicated functions. LUTSs can also be configured to
implement memories such as Read Only Memory (ROM), and Random Access Memory (RAM)
which permits reading and writing operations. For the 7 series FPGAs, each logic slice contains
four six-input LUTs as shown in Figure 2.7. Sequential logic is defined as logic with state
(i.e. memory) and the fundamental building block of sequential logic is the FF. FFs are used
for fundamental tasks in FPGA design such as implementing delays in digital filters, pipeline
registers and Finite State Machines (FSMs). In 7 series devices, each slice contains eight FF's.
Other logic blocks include multiplexers and carry-logic. A switching matrix lies adjacent to each
CLB, and controls routing within the CLB and facilitates its connection to other resources on
the FPGA. Finally, Input/Output Blocks (IOBs) serve as the external interface and are the
conduit through which data passes into and out of the FPGA.

Aside from the logic fabric, there are two other major resources of interest: the DSP48E1
slice and the Block RAMs (BRAMSs). The DSP48El is a special purpose processing element
optimised for high speed arithmetic in FPGAs. It is especially useful for DSP applications and

a simplified illustration of its architecture is shown in Figure 2.8.
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Figure 2.8: Tllustration of Xilinx DSP48E1

The three major components are a pre-adder, highlighted in green in Figure 2.8, a multiplier
highlighted in yellow and a post-adder highlighted in blue. The DSP48E1 get its name from
the fact that the output fixed point wordlength is 48 bits. A fundamental application of the
DSP48E1 is implementation of the Multiple Accumulate (MAC) operation needed for Finite
Impulse Response (FIR) filters and other DSP algorithms. Each DSP48E1l can be used to
implement a single coefficient of the FIR filter (or two if coefficient symmetry is exploited), and
they can be cascaded together to implement the entire filter. Note that the pre-adder is included
precisely to exploit the coefficient symmetry that exists for linear phase FIR filters. However,
DSP48Els are a scarce resource on low cost FPGAs, and so it often of interest to optimise a
design so as to minimise their use.

BRAMs are specialist memory blocks that can be used to implement ROM, RAM and First
Input First Output (FIFO) buffers. On 7 series devices, each BRAM can store 36Kb of data
where K is 1024 bits. The default word length of the data stored in a BRAM is 18 bits, meaning
that the BRAM comprises 2048 memory elements in this configuration. However, the number of
memory elements in the BRAM is dynamic and can be altered depending on the wordlength of
the data that is to be stored. If a significant amount of memory is required in the implementation
of a design, then BRAMs should be targeted, since the alternative is to use Distributed RAM
which is implemented using LUTs. For high memory applications, using Distributed RAM can
lead to a high resource cost in terms of the FPGA fabric and is likely to lead to a slower design.

When designing for FPGAsS, it is normally of interest to optimise the design based on one of
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three metrics: area, speed or power consumption. Area optimisation refers to optimising such
that the design consumes as few resources as possible. Speed optimisation refers to ensuring
that the design can be clocked at as high a rate as possible, and this dictates the maximum
rate at which data can be processed. Finally, optimising for power consumption means ensuring
that the design consumes as little power as possible. This could be achieved by making sure
particular elements of the design process data at a low rate. This can sometimes be achieved by
applying clever DSP such as using the polyphase decomposition, when designing interpolation

and decimation filters.

2.6 Chapter Summary

This chapter started with a review of a generic wireless digital communications architecture as
a precursor to a discussion of some common wireless standards. Due to the wide deployment of
wireless technologies and standards, it is important to make sure that the RF spectrum is used
as efficiently as possible. Therefore, DSA, CR and SDR, were presented as approaches which
could be used to enable better sharing of spectrum among users. Following this, cyclostationary
detection algorithms were introduced as a promising approach for spectrum sensing in DSA and
CR systems. In particular, the fundamental mathematical background of cyclostationary ran-
dom processes was reviewed as a basis for understanding these algorithms. Finally, FPGAs were
identified as a candidate platform for the implementation of future CR systems. Subsequently,
the fundamentals of Xilinx FPGAs and design flows were described as necessary background for

the work described in Chapter 6.
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Chapter 3

Orthogonal Frequency Division
Multiplexing

3.1 Introduction

This chapter introduces some of the fundamental principles and applications of OFDM modula-
tion. The OFDM modulation format has become ubiquitous in modern wireless standards, and
so it is likely that primary users of the spectrum in the considered DSA scenario will employ
OFDM in the physical layer. Therefore, it is of interest to develop efficient spectrum sensing
methods for OFDM signals.

In the first portion of this chapter, multipath channels are described as a motivation for the
development of OFDM modulation. Following this, an overview and mathematical treatment of
OFDM is provided and some practical issues such as timing and frequency synchronisation and
channel estimation/equalisation are highlighted. The next section briefly describes how OFDM
has been applied as part of wireless communications standards such as IEEE 802.11a/g and
DVB-T, as these signals are used as a basis for testing the detection algorithms introduced in

the coming chapters.

3.2 Multipath Propagation

OFDM has been designed to offer robust performance in multipath channels and, as such, the
fundamentals of these channels will be reviewed briefly. In a typical wireless channel, the trans-
mitted signal will be reflected, refracted and scattered by objects before it reaches the receiver [6].

The signal observed at the receiver in a wireless channel consists of a combination of delayed and
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attenuated copies of the transmitted signal which arrive through multiple paths. Each distinct
signal path in the wireless channel is called a multipath component and is associated with either
a single or multiple scatterers [5] [6]. If the transmitter and/or receiver is moving, then the atten-
uation and delay associated with each multipath component varies with time. The constructive
and destructive interference of the multipath components leads to fading of the transmitted sig-
nal [5] [6]. In modelling multipath channels, we are concerned with the multipath components
that can be resolved at the receiver. As will be seen, the resolvability of multipath components
at the receiver is intimately related to the characteristics of the transmitted signal. In practice,
each resolvable component will consist of several unresolvable components [6].

From a time domain point of view, the wireless channel is characterised by the channel
delay spread, ds. This can be defined loosely as the difference in time between the arrival of the
first multipath component and the last multipath component. From a frequency domain point
of view, the channel is characterised by the coherence bandwidth, B.. This is defined as the
bandwidth over which the channel effects can be said to be effectively correlated. ds and B, are
approximately inversely proportional,

Be~ (3.1)

1
ds
There are two forms of small-scale fading: flat fading and frequency-selective fading. Flat
fading occurs when the symbol duration, Ty, is significantly larger than the delay spread of the
channel i.e T,,, > ds or equivalently when the signal bandwidth is significantly smaller than the
coherence bandwidth i.e. Ry < B.. Note that Ty, and R, are inversely proportional [5] [6]. In a
flat fading channel, the signal is not spread significantly in time, meaning that all copies generally
arrive within the duration of a single symbol. As a result, the various multipath components are
not resolvable and the receiver perceives them as a single path. The unresolvable components add
constructively and destructively and cause amplitude and phase distortion in the received signal.
Due to limited spreading in time, there should be very little interference between the current data
symbol and any previously transmitted symbols. In the frequency domain, the fading effect is
approximately correlated across all frequencies of the signal, since the signal bandwidth is small
compared to B.. In a time varying channel, the amplitude and phase distortion associated with
the combination of the unresolvable components will vary randomly [6].

Frequency-selective fading occurs when the symbol duration is small compared to the delay
spread of the channel i.e. Ty, < ds; or when the signal bandwidth is large compared to the

coherence bandwidth i.e. Rs > B, [5] [6]. In the time domain, the signal has been spread in time
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by a duration longer than the symbol period. In this scenario, it is possible to resolve at least
some of the various multipath components at the receiver and more significant interference will
occur between the current data symbol and previous data symbols due to the time spreading.
This phenomenon is called Inter Symbol Interference (ISI) and it can have a very detrimental
effect on the performance of the wireless communications system. In the frequency domain,
component frequencies of the signal that are separated by a value of B, or greater will experience

uncorrelated fading effects.

v

\ 4

To T1 —> Ty

\ 4
v

Figure 3.1: Illustration of FIR Multipath Channel

Multipath propagation effects are modelled in software as an FIR filter, as shown in Figure
3.1. Each coeflicient h represents a discrete multipath component and 7 represents the delays
of the various paths. In a flat fading scenario, the channel consists of a number of unresolvable
multipath components and as such this can be modelled by an FIR filter with a single coefficient.
For a frequency selective channel, the FIR filter consists of multiple coefficients. However, a
filter with multiple coefficients can still be a flat fading channel if the bandwidth of the signal is
small in comparison to B.. The coefficients of the FIR filter are expressed as complex numbers
since each multipath component introduces a scaling and phase shift. If there is no significant
Line of Sight (LOS) component, the coefficients are drawn from a complex normal distribution
with a zero mean. Consequently, the magnitudes of the multipath filter coefficients follow a
Rayleigh distribution and the phases are uniformly distributed. Multipath channels with no
LOS component are referred to as Rayleigh fading channels. Conversely, if a LOS component
exists, the coefficients are drawn from a complex normal distribution with a non-zero mean.
This means that the magnitudes of the coefficients are Rician distributed and the phases are
uniformly distributed. This type of multipath channel is called a Rician fading channel.

The time varying nature of the channel is caused by relative motion between the transmitter
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and the receiver and by movement of objects in the signal path. There are two consequences of
the time varying nature of the channel; the multipath channel coefficients change with time and
frequency spreading occurs. The Doppler shift is the change in the frequency of a signal as a
result of relative movement. The maximum Doppler shift for a multipath channel is calculated
as follows,

fa=t2e, (32)

Cc

where f; is the maximum Doppler shift, v is the velocity of the transmitter/receiver, f. is the
carrier frequency and c is the velocity of the propagating electromagnetic wave. There are two
classifications for the time-varying multipath channel: slow fading and fast fading. These are
defined based on the channel coherence time, T;, and the Doppler spread, D, which is measured
in Hertz. T, is the length of time over which the multipath channel coefficients can be considered
invariant. Each of the multipath components will experience different Doppler shifts depending
on angle of arrival and velocity, so Doppler spread characterises the range of Doppler shifts for

the multipath channel. The Doppler spread is related to fy as,
Dy =2fy. (3.3)

The channel coherence time and Doppler spread are approximately inversely proportional [5],

1

T ~ —.
C _DS

(3.4)

A multipath channel is described as fast fading if the coherence time is small compared to the
symbol duration i.e. T, < Ty, or equivalently if the signal bandwidth is small compared to
the Doppler spread i.e. D; > R,. Conversely, a channel is said to be slow fading if the channel
coherence time is large compared to the symbol duration i.e. T, > T§y,, or the signal bandwidth
is large compared to the Doppler spread, Rs > D,. When modelling multipath channels in
software, two of the most important parameters to specify are the desired delay spread and the

maximum Doppler shift.

3.3 OFDM Modulation

OFDM is a special case of MCM that is noted for its resilience to ISI, its relatively simple
requirements in terms of equalisation and its ease of implementation using DSP. It has become

a dominant technology in modern communications systems, such as in the IEEE802.11 WLAN
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family of standards, the DVB standards and the 3GPP LTE standard for mobile communica-
tions. It is also the basis of the 5G New Radio (NR) standard.

3.4 Overview of MCM

OFDM is an example of MCM that involves splitting the available bandwidth into a number
of parallel sub-channels. As with any digital communications system, the data bits are linearly
mapped into symbols according to a modulation scheme such as BPSK or QAM. However,
instead of transmitting using a single carrier, the data symbols are allocated to and transmitted
across a number of parallel sub-carriers. The number of sub-carriers, Ny, is chosen such that
the bandwidth of each sub-channel is small compared to B.. This is equivalent to ensuring the
the symbol duration on each sub-channel, is large compared to ds. This process ensures that the

individual signals on each sub-channel experience flat fading and limited IST [5].

3.5 Overview of OFDM

As noted previously, OFDM is a special case of MCM that is spectrally efficient and is imple-
mented using an established DSP algorithm. The OFDM system employs a set of sub-carriers
that are spaced in frequency at intervals of 1/T,, where T, is referred to as the useful OFDM
symbol duration. In discrete-time, the useful symbol duration is normalised by the sampling
frequency of the OFDM system and is denoted as N,. The frequency spacing is the smallest
spacing that maintains orthogonality between the sub-carriers. In the frequency domain, the
sub-channels overlap, leading to a very efficient usage of the available spectrum [5] [29].

The first stage in generating an OFDM signal involves dividing the input symbol stream into
blocks of Ng symbols. Each of the Vg symbols modulates one of a set of harmonically related sub-
carriers, and the individual signals are multiplexed together to form the useful OFDM symbol.

This process can be described mathematically in discrete time,
Ns—1 A
z[n) = ) X[kle! V", (3.5)
where k is the sub-carrier index, X|[k] represents the underlying BPSK/QAM symbols, and

n = 0,1,2...Ng — 1 is the sample index. Note that N, in (3.5) is equivalent to N,. The

OFDM modulation process is mathematically equivalent to the Inverse Discrete Fourier Trans-
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form (IDFT),
N—

H

% > X [k]ed W (3.6)
where N is the total number of points in the IDFT, k is the IDFT bin index and X [k] are the
frequency domain samples to be transformed to the time domain. This shows that OFDM mod-
ulation and demodulation can be performed efficiently using an IDF'T/DFT pair. Furthermore,
if N is made equal to a power of two, then modulation and demodulation can be performed
using the FFT. The FFT is a computationally efficient algorithm for computing the Discrete
Fourier Transform (DFT), and is very suitable for hardware implementation in FPGAs and
other devices.

Having generated the useful OFDM symbol, the next stage in the modulation process is the
addition of a CP. The CP consists of a portion of the useful OFDM symbol that is added to
the front of the symbol. The primary purpose of the CP is to mitigate ISI between OFDM
symbols, due to the time spreading introduced by the multipath channel. The length of the
CP in relation to the useful OFDM symbol is chosen based on the expected delay spread of
the channel. However, due to the fact that the CP is redundant and carries no information, its
length must be minimised to ensure that the transmission is as efficient as possible. Once the
CP is added to the useful OFDM symbol, the full OFDM symbol is created as shown in Figure
3.2.

Cyclic
Prefix OFDM Symbol
TCP Tu

Figure 3.2: Illustration of OFDM Symbol

In the above diagram, T¢, refers to the CP duration. The total symbol duration is 754 =
Tep + T, In discrete-time, T, ¢q, and T, are Nyraqm and N, respectively.

A key benefit arising from the addition of a CP, is that it simplifies equalisation in the
receiver [5]. Consider an OFDM symbol that is constructed using Ny sub-carriers in vector
form,

x = [z[0], z[1], .....zx[Ns — 1]] , (3.7)
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where / denotes transposition. The symbol is passed through a multipath channel and the
channel output, y[n], is obtained through linear convolution with the channel impulse response
hinl,
yln] = h[n] « z[n] =Y hlk]z[n — k], (3.8)
k

where * denotes convolution. If a CP is appended to the original OFDM symbol, the linear

convolution becomes a circular convolution [5],

yln] =D hlkz[n — k], (3.9)
k

Due to the addition of the CP, the OFDM symbol is periodic with Ng or N,,. Circular convolution
in the time domain is equivalent to multiplication in the frequency domain [30]. Therefore, the

received sub-carriers Y [k] are given by the following,
Y[k] = X[k|HIK], (3.10)

where H[k] are the frequency domain channel coefficients. Therefore, equalisation in the receiver
is reduced to estimating H[k] and multiplying by 1/H[k] to recover the original sub-carriers.
In summary, the design of OFDM can be understood through the lens of multipath propa-
gation. The wideband channel is divided into a set of sub-channels, whose bandwidth is small
compared to B.. This ensures that each sub-channel experiences flat fading and limited ISI. Due
to the fact that modulation and demodulation are implemented digitally using an IFFT/FFT
pair, OFDM can be efficiently implemented in hardware. It is spectrally efficient since the
sub-carriers overlap in the frequency domain and it is highly resistant to ISI introduced by the
channel due to the use of a CP. Furthermore, the use of a CP simplifies the receiver processing
because it reduces the equalisation process to a single multiplication per sub-carrier. Due to the
many benefits associated with OFDM, it has become the backbone of a number of commercial

communications standards and technologies.

3.6 Synchronisation in OFDM

Although the benefits of using OFDM are clear, it does present some issues, that need to be
addressed. Firstly, using a CP adds redundancy to the system and contributes to an overall re-

duction in the achievable data rate. OFDM also suffers from a large Peak to Average Power ratio
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(PAPR) which causes problems in the radio power amplifier. However, of particular importance
is synchronisation in the receiver. The orthogonality of the sub-carriers must be maintained in
order for the OFDM system to operate properly. Therefore, the next section will provided a

brief overview of synchronisation in OFDM.

3.6.1 Timing offset

Timing offsets are defined as either fractional timing offsets or integer timing offsets as measured
in relation to the OFDM system sampling rate [31]. Fractional timing offsets are caused by a
mismatch in the sampling phase between the transmitter and receiver sampling clocks. The
effect of a fractional timing offset on the OFDM transmission can be understood by recalling

the following DFT property [30] [31],
zln — 7] L X[kle 77N, (3.11)

where 7 is the normalised timing offset (to the sampling period) and Z, denotes Fourier trans-
form. Note that the rotation is dependent on k, which is the sub-carrier index in OFDM.
Therefore, the phase rotation will be more severe for the outer sub-carriers. However, the
timing offset is constant and therefore is unchanged across OFDM symbols. In practice, the
rotations introduced by fractional timing offsets are coupled together with multipath channel
induced rotations and can be removed through equalisation.

Integer timing offsets cause a misalignment of the FFT window in the receiver [29] [31]. The
estimated start of a symbol can occur before or after the ideal starting point. If the estimated
starting point is earlier than the actual beginning, then it will generally fall within the CP. If
the estimate occurs after the ideal point, then it will fall somewhere inside the OFDM symbol.

Both of these scenarios are illustrated in Figures 3.3 (a) and (b).
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Cyclic Cyclic
Prefix OFDM Symbol Prefix OFDM Symbol
FFT Window
(a) FFT window taken too early
Cyclic Cyclic
Prefix OFDM Symbol Prefix OFDM Symbol
* FFT Window

(b) FFT window taken too late

Figure 3.3: Illustration of integer timing offset

Referring to Figure 3.3 (a), if the symbol start is estimated to begin within the CP, then the
result will be a sub-carrier rotation in the frequency domain, as is the case with a fractional
offset [29]. However, this only holds true if the CP is longer in duration than the delay spread
of the channel plus the timing offset. If this is not the case then IBI will occur, since samples
will be taken from a position affected by previous OFDM symbols due to the time spreading of
the channel. However, the CP is usually made significantly longer than the delay spread of the
channel, to prevent this from occurring [29] [31].

Referring to Figure 3.3 (b), where the symbol start is estimated to begin after the actual
starting point, it is seen that the FFT window will include samples from the CP of the following
OFDM symbol. This must be avoided since it will lead to IBI and ICI due to violation of the
circular comvolution property [29]. However, due to the freedom that is provided through the
addition of the CP, a receiver can be designed to ensure that the timing estimate falls into the
CP region where no interference from other symbols exists. This will introduce a phase rotation

in the frequency domain that can be handled as part of the equalisation process.

3.6.2 Carrier Frequency Offset

Due to the fact that an OFDM signal consists of a set of overlapping sub-carriers, it is very
susceptible to frequency offsets. Frequency offsets are introduced by a mismatch between the

transmitter and receiver local oscillators, and Doppler shift introduced by the time varying
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multipath channel. The frequency offset means that there is no longer an integer number of cycles
of each sub-carrier within the FFT window. This leads to interference between the various sub-
carriers, which is known as Inter Carrier Interference (ICI). This can have a detrimental effect on
receiver performance, and therefore the offset must be estimated and corrected as accurately as
possible. The effect of a frequency offset in the time domain can, again, easily be conceptualised

by recalling the following DFT property [30],

- 27Tne

x[nle™ "N

75 X[k — ], (3.12)

where n is the time domain sample index and ¢ is the frequency offset normalised by the sampling
frequency fs. The offset, e~ %, must be estimated and corrected prior to the FFT, in order
to mitigate the ICI that will occur.

As is the case with timing offsets, frequency offsets can also be split in to two distinct
categories: integer and fractional. In this case, they are measured in relation to the OFDM
sub-carrier spacing, Af. The time domain correction algorithms that are typically employed
to correct for the frequency offset, are constrained by the system parameters, meaning that
only a finite range of frequency offsets can successfully be estimated and corrected for. However,
constraints are often placed on the amount of oscillator drift that can be tolerated in a system in
order to ensure that this limitation does not adversely affect performance. A popular algorithm

that can be used for symbol timing and frequency synchronisation in OFDM is the Schmidl and
Cox algorithm [32].

3.6.3 Phase Noise and Residual Frequency Offset

Phase Noise is a phenomenon caused by the fact that the local oscillator is not a perfect sinusoid.
A random phase term is added to the local oscillator that causes the spectrum of the carrier to
spread out. It can also be caused by jitter in the sampling clock [29] [31].

The effect of phase noise in OFDM systems is twofold. It can cause ICI (which cannot be
corrected), and it introduces a fixed phase rotation to each sub-carrier in the OFDM symbol,
whose value changes on a symbol by symbol basis. The fixed rotation is known as Common
Phase Error (CPE) [31]. CPE is also introduced due to residual frequency offsets that arise
from frequency synchronisation performed prior to FFT demodulation, which is never perfect
in a practical system. CPE may have limited effects for the first few OFDM symbols, but

will grow steadily worse as time progresses leading to a degradation in system performance.
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Fortunately, CPE can be estimated and tracked using the pilot sub-carriers that are embedded
in the OFDM symbols. Pilots are redundant sub-carriers that are embedded within the useful
OFDM symbol, whose locations are known to the receiver and can be used for phase tracking

and channel estimation.

3.6.4 Sampling Frequency Offset

It is likely that a mismatch will exist between the transmitter and receiver sampling frequen-
cies. This can be visualised as an offset in sampling phase that changes with time. The effect
in OFDM is equivalent to a fractional timing offset, except that it changes on a symbol by
symbol basis [33]. This means that the rotations must be tracked, as is the case with CPE. Nor-
mally, standardised technologies place limits on the allowable deviation from the ideal sampling

frequency to minimise the degradation it causes to performance.

3.6.5 Channel Estimation and Equalisation

Although this it is not a synchronisation problem, estimating the fading channel and correcting
it is a very important aspect of receiver processing. Recall that the advantage of OFDM is that
it divides a wideband channel (i.e. greater than B.) into a number of parallel narrowband (less
than B.) sub-channels. This ensures that each sub-channel experiences flat fading and limited
ISI. However, the signal is still wideband, meaning that it will be subject to the frequency
selective nature of the channel, and different sub-carriers will experience uncorrelated fading [5].

In order to equalise the channel, the complex channel coefficient for each sub-channel must
first be estimated. In the majority of systems, this is achieved through the use of dedicated
pilot sub-carriers or training symbols. For example, in IEEE 802.11a/g systems, a dedicated
training symbol is placed at the beginning of the OFDM frame. The underlying symbol for each
sub-carrier is known at the receiver. Therefore, a channel estimate can readily be obtained by
dividing the received sub-carriers by the know sub-carriers in accordance with Equation 3.10.
One possible approach to equalisation is then to scale each of the sub-carriers in the remaining

OFDM symbols by 1/H]k], i.e. the inverse of the estimated channel coefficient.

3.7 OFDM in Wireless Standards

Due to its various advantages, OFDM has been adopted widely and forms the backbone of

various wireless and wired communications systems. These include digital television standards
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such as DVB-T and DVB-Handheld (DVB-H) [34] and the wireless mobile standard, 3GPP
LTE [11]. As described earlier, it is used in WLANs i.e. IEE 802.11a and various amendments
to this standard such as IEEE 802.11g and IEEE 802.11n. Furthermore, OFDM is the enabler
for a number of newer technologies such as Li-Fi [35]. However, focus will be placed on the
application of OFDM in the IEEE 802.11a/g Non-HT and DVB-T standards, as these are most

relevant to the work carried out in this thesis.

3.7.1 OFDM in IEEE 802.11a/g Non-HT

In this section, a review of the design of the OFDM signal in the IEEE 802.11a/g Non-HT
standard specified in the 2012 roll-up document [12] will be reviewed. The OFDM physical layer
defines several operating modes that support data communications rates of 6,9,12,18,24,36,48
and 54Mb/s respectively. The OFDM symbol consists of 64 sub-carriers of which 52 are used.
The value 64 is chosen as a power of 2 to enable efficient implementation of the modulation
and demodulation processes using FFT algorithms. The underlying modulation methods used
for each of the sub-carriers are BPSK, QPSK, 16-QAM and 64-QAM. The standard specifies
channel coding using convolutional codes with code rates of 1/2, 2/3 and 3/4 respectively. In
the fully clocked mode, the baseband sampling rate is fs = 20M H z.

Data is transferred over the air in frames in the IEEE 802.11a/g Non-HT standard. The
data sent as part of each frame consists of a PHY header and a payload that contains data sent
from the MAC sub-layer in the form of the Physical Layer Convergence Protocol Service Data
Unit (PSDU), and tail and pad bits. The data frame is illustrated in Figure 3.4.

PHY Header Payload
RATE |Reserved | LENGTH | Parity Tail |SERVICE PSDU Tail Pad
4 bits 1 bit 12 bits 1 bit 6 bits | 16 bits 6 bits Bits

Figure 3.4: Illustration of data frame in IEEE 802.11a/g Non-HT standard

The bits contained within the data frame are transmitted across the channel in a PLCP Protocol

Data Unit (PPDU). The format of the PPDU frame is illustrated in Figure 3.5.
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PHY SIGNAL VariabIeDI:.:-JAmber of
Preamble | 1 SYMBOL OFDM Symbols

Figure 3.5: Illustration of PPDU Frame in IEEE 802.11a/g Non-HT standard

The first component of the PPDU frame is the PHY preamble. This portion of the frame
contains no data and the preamble is composed of repetitions of two training symbols: the Short
Training Symbol (STS) and the Long Training Symbol (LTS). According to the standard, the
STS should be used for Automatic Gain Control (AGC) convergence, diversity selection, timing
synchronisation and coarse frequency synchronisation [29]. The LTS is reserved for channel
estimation and fine frequency synchronisation and can be used for timing synchronisation as
well.

The first OFDM symbol in the PPDU frame is the SIGNAL symbol. The data transmitted
in the SIGNAL field is the first 24 bits of the PHY header, i.e. from the RATE field to the
Tail field as seen in Figure 3.4. The useful OFDM symbol is generated using 64 sub-carriers: 48
carry data, 4 are pilots, 11 are null sub-carriers, and one is a DC carrier. A CP of one quarter of
the length of the useful symbol, i.e. 16 samples, is then appended to the front. In generating the
SIGNAL symbol, the 24 bit string is first passed through through a convolutional encoder with a
code rate of 1/2 that generates a 48 bit output. This data is then interleaved using an approach
specified in the standard. Each of these bits is then mapped to a BPSK symbol and each symbol
is assigned to one of the 48 data carrying sub-carriers. The reason that BPSK and a code rate
of 1/2 are used to generate the SIGNAL symbol is that this combination performs the best at
low Signal to Noise Ratios (SNRs). This is important as the SIGNAL symbol must be received
successfully in order to ensure that the remainder of the PPDU frame can be demodulated and
decoded. Of particular importance are the RATE and LENGTH fields which inform the receiver
of the underlying modulation method (BPSK, QPSK, 16-QAM, 64-QAM), code rate and length
of the frame.

The first part of the data frame to be transferred as part of the DATA portion of the PPDU
frame is the SERVICE field. The field comprises 16 bits and is divided into two sections. The first
7 bits are used for the initialisation of the descrambler in the receiver, and the remaining 9 bits

are reserved for future use. All of the bits in the SERVICE and Payload fields are passed through
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a scrambler before the data is sent to a convolutional encoder with generator polynomials g0 =
122 and gl = 171 and a rate of 1/2. The different code rates are achieved through a method
called ‘puncturing’. After the convolutional encoder, the bits are mapped to one of the four
possible modulation methods: BPSK, QPSK, 16-QAM and 64-QAM. The resulting complex
numbers are divided into blocks of 48 and are mapped to the data carrying sub-carriers of the
OFDM symbol. As before, 4 pilot sub-carriers, null sub-carriers and a DC sub-carrier are added
to the symbol. Finally, the CP, which is 1/4 the length of the useful symbol, is added at the
beginning of the symbol to prevent ISI. Once all data has been mapped to OFDM symbols, the
symbols are concatenated to form the DATA portion of the PPDU frame. The PHY preamble
and SIGNAL symbols are appended to the front of the DATA field and the formation of the
PPDU frame is complete. The final stage in the process is upconversion to RF and transmission

over the air [29].

3.7.2 OFDM in DVB-T

In this section, the construction of the OFDM signal for the DVB-T standard [34] will be
reviewed. The purpose of the DVB-T standard is to provided digital terrestrial television in the
Ultra High Frequency (UHF) and Very High Frequency (VHF) bands and the standard specifies
three different channel spacings: 6 MHz, 7 MHz and 8 MHz. The DVB-T standard has two
configurations: “2K” mode and “8K” mode. An additional “4K” mode is defined for the DVB-H
standard but this is beyond the scope of this review.

In DVB-T, several stages are performed to transfer data from the output of the MPEG-2
transport multiplexer, to a suitable format for transmission over the air. In the first stage,
the binary data is passed through a scrambler [34]. This is followed by two stages of channel
coding and interleaving. In the outer coding and interleaving stages, a Reed-Solomon code is
implemented and this is followed by convolutional interleaving. Subsequently, in the inner coding
stage, a convolutional code is applied with possible code rates of 1/2, 2/3, 3/4, 5/6 and 7/8.
The different code rates are achieved through the puncturing process. The inner interleaving
stage consists of bit-wise interleaving and symbol interleaving. Further details of the channel
coding and interleaving processes can be found in [34].

The data are mapped to either QPSK, 16-QAM, 64-QAM, non-uniform 16-QAM or non-
uniform 64-QAM symbols. The configuration of the OFDM physical layer is different for the
“2K” and “8K” transmission modes. In each mode, the signal is transmitted as a frame which

comprises 68 OFDM symbols and a group of four individual frames is called a super-frame. For
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8MHz channels, the symbols contain 1,705 sub-carriers with an FFT size of 2048 in the “2K”
mode and 6,817 used sub-carriers with an FFT size of 8192 in the “8K” mode. The duration of
the useful symbol period is 896us and 224us at f; = 9.1429 MHz and, subsequently, the sub-
carrier spacings are 1.116kHz and 4.464kHz respectively. As was the case for the IEEE 802.11a/g
standard, pilot sub-carriers are included to facilitate channel estimation and synchronisation at
the receiver. Finally, there are four possible CP lengths for each mode: 1/4, 1/8,1/16 and 1/64.
Therefore, in “2K” mode, the CP durations are 56 us, 28 us, 14 us and 7 ps respectively. In
“8K” mode, the CP durations are 224us, 112us, 56 us and 28us. In Chapter 4, the structure
of the OFDM test signals will comply with the IEEE 802.11a/g and DVB-T standards.

3.8 Chapter Summary

In this chapter, the OFDM digital modulation format has been described. OFDM is an example
of MCM, which uses a set of orthogonal and overlapping sub-carriers. The main advantage of
MCM techniques such as OFDM is that they divide the wideband channel into several narrow-
band sub-channels, whose bandwidth is less than the coherence bandwidth of the channel. This
ensures that each sub-channel is flat fading and experiences limited ISI. It is also advantageous
since it can be implemented efficiently using the FFT algorithm and is spectrally efficient due
to the fact that the sub-carriers overlap closely.

Because of its many advantages, OFDM has been implemented in the physical layer of
several standards including IEEE 802.11a/g, DVB-T and 3GPP LTE. The CP is added to
provided immunity to ISI introduced through the multipath channel. Furthermore, having a CP
makes the channel equivalent to a circular convolution, which means that equalisation can be
achieved using a single tap equaliser after applying the FFT. As will be seen in Chapter 4, the
CP can also be used as a unique identifier of the OFDM signal, due to the fact that it causes

the autocorrelation function to be periodic.
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Cyclostationary Feature Detection

for OFDM Signals

4.1 Introduction

In future, robust and accurate detection of various waveforms will be required in order to facil-
itate the implementation of intelligent radio systems. For example, a prime motivation in CR
systems is the ability to accurately detect the presence of a primary user waveform, thus allow-
ing the CR to make opportunistic use of the existing RF spectrum. As mentioned previously,
OFDM plays a pivotal role in modern communications systems, meaning that reliable and cost
effective detection of OFDM signals is an important issue. At the beginning of this chapter,
an overview of signal detection as it is applied in an engineering context is provided and some
common detection strategies are discussed. It is established that due to the inclusion of a CP,
OFDM signals exhibit non-conjugate symbol rate cyclostationarity.

Following this, a review is conducted into solutions for cyclostationary detection that can
be found in the literature and three prominent methods that base the detection on estimation
of the CAF are introduced. These algorithms are attractive in that they can be shown to
exhibit a Constant False Alarm Rate (CFAR) and only require knowledge of the OFDM signal
structure and cyclic frequency. In the subsequent sections, each test statistic is derived and their
probability distributions under the null hypothesis are confirmed. Having derived each of the
algorithms, their performances are compared for the detection of IEEE 802.11a/g Non-HT and

DVB-T signals in AWGN and impulsive noise environments.
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4.2 Overview of Detection Methods

Three prominent methods employed for signal detection purposes are the energy detector, the
matched filter and the feature detector [36] [37]. In this section, a general overview of the
detection problem as it relates to these different methods will be given. For the purposes of
this thesis, the detection problem is formulated as a binary hypothesis test [38]. In digital
communications, a possible binary hypothesis test is the following,

Hy : z[n] = win],

(4.1)
Hi : z[n] = s[n] + w[n],

where Hj is the null hypothesis, H; is the alternative hypothesis, x[n] is the received signal, s[n|
is the signal of interest and w(n] is background noise. In modern day communications systems,
these signals are represented using complex numbers due to the use of QAM receivers. In this
situation, Hg states that only noise is received, whereas Hi states that a signal of interest plus
noise is received. It is the task of the receiver to determine which of the two hypotheses is true.
This is done by computing a test statistic, T, using the observed data and comparing it to a
pre-defined threshold, n. If T > 7, it is decided that Hj is true. Conversely, if T < 7 then it is
decided that Hy is true.

The binary hypothesis test is characterised by two important metrics: the Probability of
False Alarm (Pj,) and the Probability of Detection (P;). These terms are encountered when
detection problems are discussed in an engineering context, and originated when the first radar

systems were being designed [38]. Py, is a conditional probability and is expressed as follows,
Pjo = Pr[T > n|Hy). (4.2)

This quantifies the probability that the test statistic exceeds the threshold given that Hy is true.
This represents the case where it is incorrectly decided that Hy is true, when in fact Hy is true.
As a rule, it is desirable to minimise Py, as much as possible. Similarly, Py is also a conditional

probability and is expressed as,

Py = Pr[T > n|Hy]. (4.3)

This is the probability that the test statistic exceeds the threshold given that H; is true. There-
fore, this represents the case where it is correctly decided that H;p is true. Unlike Py,, it is

desirable to maximise P; as much as possible.
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For each of the detection algorithms discussed in this thesis, the probability distribution of
the test statistic under Hy is completely known. This knowledge is exploited in order to set a
threshold for the detector based on a maximum allowable Pr,. A formula for computing 7 is

derived by re-writing (4.2) as follows,
Py =1 — Pr(T < n|Hy). (4.4)

Recall that the CDF of a random variable X is defined as Fx(x) = Pr[X < z|. Taking this into

account, (4.4) can be written as,

Ppo =1 — [Fj(n)|Hol. (4.5)
If (4.5) is re-arranged and FTfl is applied to both sides, a final formula for 7 is [39],

1= [F (1 = Pygy)|Ho). (4.6)

For each of the algorithms described in this thesis, Py is evaluated through simulation, based
on the value of 7 that is determined using (4.6). Therefore, the derivation of the probability
distributions of the test statistics under H; is not carried out. The performance of the detectors
can be ascertained by evaluating P; as a function of Signal to Noise Ratio (SNR), as will be
seen later in this chapter.

The energy detector is the simplest detector and has the advantage that it requires no explicit

knowledge of the signal of interest. The test statistic 7" is computed as,
| Nl
T= > fxn] . (4.7)
n=0

If the value of T' exceeds 71, then it is decided that a signal is present in the observed data.
Although its simplicity is attractive, the energy detector does suffer from some drawbacks. Most
importantly, setting 1 is dependent on the noise variance [36] [40] [41]. This has implications for
the reliability of the detection since estimation of the noise variance must be performed in the
receiver to enable accurate detection. Clearly, estimating the noise variance will be imperfect in
a practical system, and so this requirement can have a negative impact on detector performance,
i.e. it could lead to an increase in the number of false alarms and /or missed detections. Another

problem of this detection scheme is that it cannot actually determine what type of waveform
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it is detecting, i.e. it has no discriminatory capability. Energy detection schemes have been
studied extensively and some example papers are [41], [42], [43], [44].

The matched filter is used to maximise the SNR of the signal at its output [40]. It effectively
performs correlation between the received signal and a locally stored copy of the known signal.
This correlation is performed using a matched filter by setting the coefficients to a time-reversed
and conjugated version of the known signal. It is clear that the matched filter is in opposition
to the energy detector, in that it requires intimate knowledge of the transmitted signal. In any
practical system, the transmitted signal will not be known at the receiver. Therefore, matched
filtering must be performed using pre-defined training sequences and pilots. The matched filter
is only optimal for operation in an AWGN channel and can suffer from degradation in more
realistic channels, due to multipath effects and lack of synchronisation. This implies that a
matched filter may require a prior synchronisation stage to be performed in order to enable
accurate detection, which would be undesirable in terms of additional complexity. Some papers
that consider matched filter detectors for spectrum sensing include [45], [46], [47].

Feature detectors aim to detect a signal by exploiting the presence of particular features
in the transmitted signal. As will be seen, a common approach for the detection of OFDM
signals is to exploit the fact that the CP causes the autocorrelation function to repeat with an
identifiable fundamental period. Feature detectors can be placed in between the energy detector
and the matched filter, in terms of the knowledge that they require about the parameters of the
transmitted signal. The remainder of this chapter will consider statistical tests that can be used

to reliably detect the presence of cyclostationarity in the received signal.

4.3 Detectable Features of OFDM Signals

In an ideal communications system, a signal would consist entirely of data in order to max-
imise information transfer. However, it is often the case that redundancy must be deliberately
added in order to ensure that successful communication can be achieved. In OFDM systems,
training symbols and pilots (which carry no data) are added to the signal for the purposes of
synchronisation and channel estimation/equalisation in the receiver. Equally, the CP is used to
prevent ISI introduced by the dispersive nature of the wireless channel. However, these forms
of redundancy can also be exploited as unique identifiers to detect and classify different OFDM
systems. Research has been conducted into using different redundancies in OFDM for detection

and classification. For example, the authors in [48], [49] and [50], exploit the cyclostationarity
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that is introduced by the inclusion of pilot sub-carriers in each OFDM symbol. Various re-
searchers, including those in, [39] and [51], have utilised CP-induced cyclostationarity in order
to detect and classify OFDM systems. In this thesis, focus is placed exclusively on CP based
cyclostationary detection since this is a consistent feature of practical OFDM systems. For ease

of reference, Figure 4.1 again illustrates the composition of a typical OFDM symbol.

Cyclic
Prefix OFDM Symbol
Tep T,

Figure 4.1: Hlustration of typical OFDM symbol

As discussed in Chapter 3, the symbol period T, ¢4, can be broken into two parts: T, which is
the useful OFDM symbol period, and T, which is the CP duration, i.e the section of the symbol
that carries data. The discrete-time equivalents of these are Nytgm, Ny and Ny, respectively.
As described previously, the CP is formed by copying a section of data from the end of the
OFDM symbol and appending it to the front. The immediate consequence is that data samples
separated by a duration of IV, samples are identical. Based on the assumption of ergodicity,
an estimate of the autocorrelation function can be computed in discrete-time from a single
realisation of the OFDM process as follows,

N-1
Boln, ] = % S wlnla*fn — v, (4.8)

n=0

where n is the sample index, N is the period of observation, v is the discrete autocorrelation
lag and z[n|z*[n — v] is the discrete autocorrelation lag product. When computing the autocor-
relation function for an OFDM signal, it is expected that a significant peak should appear at
v = N,, due to the fact that samples separated by this interval are identical. Figure 4.2 shows
the magnitude of Ras [n,v] at various lags for an IEEE 802.11a/g Non-HT OFDM signal at f
= 20MHz with Nytgm = 80, N, = 64 and N, = 16, as computed in MATLAB. A total of 80

different lags are shown.
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Autocorrelation function for IEEE 802.11a/g OFDM Signal
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Figure 4.2: Autocorrelation function for IEEE 802.11a/g Non-HT OFDM signal

As indicated by the red arrow in Figure 4.2, a peak can clearly be seen protruding at a lag
equal to v = N, = 64. Also, notice that there is a peak at v = 0 marked by the black arrow.
Computing (4.8) at ¥ = 0 gives us an estimate of the power of the OFDM signal as expressed

below,

Rm [n,0] = Z }a: . (4.9)

Notice that basing a spectrum sensing algorithm on an autocorrelation detector at v = 0 is
equivalent to an energy detector. As a typical transmission consists of multiple OFDM symbols,
the correlation between the cyclic prefix and the end of the OFDM symbol repeats regularly.
For an OFDM process, the autocorrelation function resembles a periodic pulse train with a
fundamental period of Ty samples, where Ty = Ty f4m, or equivalently No = Nofarm [39]. Assuming
cyclo-ergodicity, an estimate of the discrete-time CAF can be obtained from a single realisation

of the process as follows,

R ] = % S alnfa*fn — vle92men, (4.10)
n=0

where « is now the digital cyclic frequency, i.e. it has been normalised to the input sampling

frequency. Estimating the CAF across a range of discrete cyclic frequencies can be achieved by
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computing the Discrete Fourier Transform (DFT) of the discrete autocorrelation lag product
and scaling the result by a factor of 1/N. This is defined as,

N-1

X[k = % S el [n — vlemazmn/N, (4.11)

n=0

It is clear that each DFT bin, &, corresponds to an estimate of the CAF at a particular discrete
cyclic frequency. In practice, the DFT is computed using the FFT algorithm. Figure 4.3
shows ‘X[k]‘ for the IEEE 802.11a/g signal, where the FFT size is N = 4096. Note only the
first N/2 bins are shown since this corresponds to cyclic frequencies in the range 0 to fs/2.
It is clear through visual inspection that several peaks exist. The peaks marked by the red
arrows correspond to ag = 1/Ny and its two most significant integer multiples or harmonics.
In the case of IEEE 802.11a/g at f, = 20MHz, o9 = 1/80. Since Ny = Nytim, OFDM is
said to exhibit non-conjugate symbol rate induced cyclostationarity. It is called non-conjugate
cyclostationarity because the autocorrelation lag product includes a complex conjugate in its
standard formulation. If the quantity E[x(¢)x(t —7)] was periodic, then the signal would be said
to exhibit conjugate symbol rate induced cyclostationarity. The peak at o = 0 is simply (4.8)

i.e. an estimate of the autocorrelation function.

%1073 |X[K]| for IEEE 802.11a/g OFDM Signal
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Figure 4.3: | X[k]| for IEEE 802.11a/g OFDM signal

The standard autocorrelation function can be thought of as a special case of the CAF evaluated
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at o = 0. Strictly speaking, N should be made to equal to an integer multiple of Ny since an FS
is being approximated. However, for the FF'T algorithm used to generate Figure 4.3, the FFT is
computed with a duration that is equal to a power of two. If Ny is a non-integer multiple of the
FFT length, then the cyclic frequency will not lie in an exact FFT bin and some spectral leakage
will occur. This is the case for the IEEE 802.11a/g signal used to generate Figure 4.3. However,
it is still possible to uncover the cyclostationarity of the OFDM signal using an observation
interval that is a non-integer multiple of Ny. The cyclostationary features introduced through
the use of a CP are unique to each separate OFDM system, making them very powerful tools
for effective detection and classification. In the next section, the cyclostationarity of DVB-T

signals will be discussed as this standard will be used as a test signal later in this chapter.

4.3.1 Cyclostationarity of DVB-T signals

As described in Chapter 3, the two operational modes for DVB-T are 2K transmission mode
and 8K transmission mode [34]. In 2K mode, N, = 2048, which is equivalent to T,, = 224us
at fs = 9.1429MHz. Conversely, in 8K mode, N,, = 8192 which corresponds to T, = 896us at
fs = 9.1429M H z. Therefore, in order to detect DVB-T signals based on estimation of the CAF,
two parallel detection branches would be required. For the 2K mode branch, the CAF would
be computed at v = 2048 and, for the 8K mode branch, it would be computed at v = 8192.
Furthermore, due to the fact that there are four possible CP lengths in each of the modes,
this means that there are four possible cyclic frequencies for each mode. Each cyclic frequency
would have to be tested for individually in order to cover all possible configurations of the DVB-
T signal. In 2K mode, the four cyclic frequencies are ag = 1/2560, ag = 1/2304, oy = 1/2176
and o9 = 1/2112 respectively. Conversely, in 8K mode, the cyclic frequencies are ag = 1/10240,
ap = 1/9216, ag = 1/8704 and g = 1/8448. In Chapter 5, the existing and proposed algorithms

will be tested for each possible OFDM signal configuration in 2K mode.

4.4 Literature Review

There is a vast body of literature covering the theory and application of cyclostationary signal
processing for problems as diverse as signal detection, Blind Source Separation (BSS), beam-
forming and angle of arrival estimation [52] [53]. An excellent summary and tutorial on the
background theory of cyclostationarity and its use in the fields of signal processing and commu-

nications can be found in the book edited and compiled by Gardner [54]. This book introduces
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the theoretical foundations of the topic, such as the Cylic Wiener-Khintchine theorem and the
concept of spectral correlation. The Cyclic Wiener-Khintchine theorem states that the Fourier
transform of the CAF is the Cyclic Spectral Density (CSD) function. Spectral correlation is a
useful interpretation of the CAF and the CSD, which expresses them as the cross-correlation
and cross-spectral density of frequency-shifted versions of the signal respectively [54] [55]. It also
discusses applying cyclostationarity for blind channel estimation and synchronisation in commu-
nications receivers. Also, in [56], Gardner establishes the cyclostationarity of several common
digital modulation schemes, including PSK and FSK.

In terms of applying cyclostationarity for spectrum sensing in CR and DSA systems, many
of the papers are based on either algorithms that were developed in the past for different appli-
cations or new algorithms developed specifically for the problem at hand. The vast majority of
detection schemes are based on estimation of either the CSD or the CAF. In [57], the optimum
multi-cycle CSD detector is derived for operation in AWGN environments. However, this has
a major drawback in that it cannot be implemented without phase synchronisation [57] [58].
Similarly, in [59], multi-cycle and single-cycle detectors are derived to operate in non-Gaussian
noise environments for surveillance and reconnaissance applications. However, the test statistic
requires knowledge of the noise PDF to be implemented practically [58] [59]. These detectors
have subsequently been considered for CR applications in, e.g. [58]. In an earlier paper on ap-
plying cyclostationary detection in CR, the authors exploit a normalised version of the CSD [60)].
Several other papers also base their detection algorithms for CR applications on estimation of
the CSD including [61], [62], [63], [64], [65], [66], [67] and [68].

Narrowing down the literature search further, it is of particular interest to focus on detection
schemes that are based entirely on estimation of the CAF. This is done with a view to intro-
ducing new algorithms in Chapter 5, that are based on splitting the traditional CAF into two
component functions, which utilise the real and imaginary parts of the autocorrelation lag prod-
uct respectively. The constraint associated with using this approach in the detection of OFDM
signals is that reasonable knowledge of v and « are required. However, all of this information is
available if the OFDM symbol structure is known and, for standard waveforms, this knowledge
is freely available. In a highly influential paper, the authors introduce GLRTSs to detect the
presence of cyclostationarity [69]. Note that the GLRT test statistics are derived for both the
CAF (time domain) and CSD (frequency domain). However, only the time domain test is of
relevance to this work. The time domain GLRT test statistic has been applied in several works

including [70], [71], [72], [73] and [74]. Modified versions of these algorithms that differ due to
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the estimation of the covariance matrix can be found in [75], [76], [2], [39] and [77]. Another
interesting detection algorithm that can be used based on an estimation of the CAF is the Low
Complexity detector in [78]. Note that the detector is not referred to as the “Low Complexity”
detector in the literature. Similar test statistics can be found in [79], [80], [81] and [82]. A
final algorithm that has a prominent place in the literature is the Spatial Sign cyclostationary
detector, first published for CR applications in [83]. It has been subsequently discussed in [84]
and [39]. In [85], the effects of this function on the cyclostationary features of certain signals is
studied from a mathematical perspective. Furthermore, in [86], several novel variations of the
Spatial Sign cyclostationary detector are suggested, which exhibit a reduced cost in terms of low
level resources when targeted for implementation on an FPGA.

In the following sections, due to the fact that each of them feature prominently in the
literature, the GLRT, Low Complexity and Spatial Sign detectors will be derived and analysed,
and their performances assessed, in detection of IEEE 802.11a/g Non-HT and DVB-T waveforms

in both AWGN and impulsive noise environments.

4.5 GLRT Detector

The GLRT cyclostationary feature detector was first described in [69]. This test statistic was
modified by the authors in [39], [75], [76] and [77] for use in cognitive radio systems. The
difference between the original and modified detectors is the method used for calculating the
elements of the covariance matrix used in the GLRT test statistic. The analysis in this thesis
will be based on the modified algorithms and will only consider cyclostationarity in the second
order statistics of the signal, since the feature of interest is the periodicty of the autocorrelation
function.

It is clear from the estimated CAFs shown in Figure 4.3, that the bins corresponding to
non-cyclic frequencies are non-zero. However, the true CAFs at these frequencies are equal to
zero since cyclostationarity is not present. Since a finite observation interval has been used to
estimate the CAF, an error component has been introduced with respect to the true value of the
CAF, due to the fact that the estimation is imperfect [69]. This is quantified mathematically
as,

R, [V] = R[] + e[V, (4.12)

where €%, [v] is the estimation error term and RS, [v] is the true CAF. This error term will

tend asymptotically to zero with the observation interval. However, the observation must be

92



Chapter 4. Cyclostationary Feature Detection for OFDM Signals

restricted to a finite interval for practical reasons. Therefore, in order to determine whether
or not a cyclic frequency is present, a statistical test is performed, since simply checking for a
non-zero value is insufficient due to the presence of the error term [69]. In order to derive such
a test, the authors in [69] begin by arranging the real and imaginary parts of R%,[v] in vector
form as follows,

P = [R(RL[V]) SRV (4.13)

The real and imaginary parts of RS, [v] can also be expressed in vector form,
o = [R(Rg, V) S(Rz V)] (4.14)
The relationship between these two vectors is,
Pxx = I'xx + €xx, (4.15)

where ey« is the estimation error vector, whose elements are the real and imaginary parts of the
estimation error term,

exx = [R(eg [V])  S(ega[v])]- (4.16)

The following binary hypothesis test is formulated,

HO : f'xx = €exx, (4 17)

Hy @ Pyx = Iyex + €xx.

The null hypothesis, Hy, states that the estimated CAF consists solely of the error term, covering
the case where no cyclostationarity is present, i.e. when ryxx = [0 0]. Conversely, the alternative
hypothesis, H1, states that the estimated CAF comprises the true CAF plus the error term. In
order to formulate a test to decide between each of the hypotheses, the probability distribution
of Fxx under each hypothesis is determined. It is proved in [69], that Fxx follows a multivariate
normal distribution with two dimensions and that the only difference in this distribution under
each hypothesis is the mean. Under Hy, the mean is [0 0] and under H; the mean is rxx, i.e.
the true CAF.

In the case where the probability distributions and all of their parameters are completely
known for both hypotheses, the hypothesis test is called ‘simple’. According to the Neyman-

Pearson lemma, the optimal strategy to decide between Hy and H; in the case of a simple
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hypothesis test, is the Likelihood Ratio Test (LRT) [38]. This can be formulated for the hy-

pothesis test in (4.17) as,
f(fxx|H1)
f(Fxx|Ho)’

where f denotes the PDF. Since fxx follows a multi-variate normal distribution under each

Tirr = (4.18)

hypothesis, the LRT becomes,

eil/z(f'xx*rxx)z;)} (fxxfrxx)l

e—1/2(Fx) Sicn (Exexc)/ ’

Trrr = (4.19)

where e is the base of the natural logarithm, X! is the inverse covariance matrix of £y and ’
denotes the transpose. The hypothesis test for this particular problem is not simple since ryx
and Yy are unknown. In the case where certain parameters are unknown, the hypothesis test
is called ‘composite’ and the statistical test is the GLRT. This has the same formulation as the
LRT except that estimates of the parameters of the distribution are substituted in place of the
true parameters. Therefore, to formulate the GLRT for this problem, ryx is replaced by fxx and
1 is replaced by 371, Substituting into (4.19) the GLRT becomes,

Torrr = e/ 2Ex0)Bk (Fxx)” (4.20)
The test statistic is obtained by taking the natural logarithm of (4.20) and scaling by a factor
of 2 [69] [72],

S—1 A/

TGLRT = f.szlxx rxx' (4.21)

The value 7" will always be a positive scalar because f];,} is positive definite. In using the test
statistic in (4.21), it is necessary to compute Fxx for a particular cyclic frequency of interest and

to compute Yyx. For two zero mean random variables, the entries of Xy can be computed as

follows,
| ERALLD BRI 122
E[S(Rz, [V)R(BS, [V])] E[S(Rg,[v])?]

It is clear that several instances of fxx are required in order to compute the entries of (4.22).
This can be achieved by taking the FFT of the autocorrelation lag product and scaling by a
factor of 1/N, which is the method employed in [76] [2] [77] [39]. However, having to compute
an FFT adds unwanted complexity to the detection process and means that evaluation of the

cyclic frequency is limited by the FFT resolution. This problem can be overcome, but requires
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a modification of the test statistic in (4.21). The elements of ¥xx are given by,

N-1
A 1 .
R(RE V) = 7 D R(@ln]a®[n — v]e™72mom), (4.23)
n=0
5 1 = .
S(RS,[V]) = N X(z[n]z*[n — v]e IFmon). (4.24)
n=0
The quantities R(z[n]z*[n — v]e 727%") and $(z[n]z*[n — v]e 7272") can be denoted as random

variables, X and Y. Using this notation, the quantities R(R%,[v]) and S(R2,[v]) are equivalent
to the sample mean of X and Y, which will be denoted as X and Y. Therefore, (4.23) and (4.24)

can be written as,
N-1

> X, (4.25)

n=0

=| -

X

N-1

1
Y= ZO Y,,. (4.26)
n=

Thus, 3y (4.22) can be re-expressed as,
. E[X? E[XY]
Yux = | . o . (4.27)
E[YX] E[Y?
It has been established previously that X and Y are normally distributed random variables
under both hypotheses. Therefore, according to the Central Limit Theorem (CLT), S ex can

also be written as,
. E[X?|/N E[XY]/N
S = | [X=]/ A[ IINT (4.28)
E[YX]/N E[Y?/N
This is useful because it means that the covariance matrix can be estimated directly from the
data in X and Y and, as such, repeated measurements of X and Y are not required. The scaling
by a factor of 1/N in (4.28) can be removed by simply scaling each element by N. However,
this requires that the test statistic in (4.21) is scaled by N to give,
TGLRT = Nf'xxgilf'l (4.29)

XX T XX
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~

Finally, ¥xx can be computed as,

. E[X? E[XY]
Sex = | . . (4.30)

E[XY] E[Y?

Each of the terms in (4.30) is calculated as [39],

EX2 _ 1 N71§R * —j2many2 4.31
[ ]—an:;) (z[n]z[n — vie ) (4.31)
3 , 1 = , .
EXY]|=FEYX]= N Z R(z[n]z*[n — v]e 72O S (x[n]z* [n — v]e 2T, (4.32)
n=0
E Y2 - 1 N_lgx * —j2man 2 4.33
Y=+ 2 S(z[n]z"[n —v]e ) (4.33)

)2 E[X?] — 2(R(A2,[V]) (S (A2, [V]) E[X Y]
X?JE[Y?] - (B[XY])?

(4.34)
The distribution of (4.34) under Hy, is a x3,, distribution where M is the number of autocorrela-
tion lags used in the detector and 2M is the degrees of freedom of the x? distribution [69] [72] [39].
Since only a single lag is considered, M = 1, and as such the test statistic is x distributed under
Hj. Given that the distribution of the test statistic under Hy is known, a threshold can be set
that limits Py, to a desired value. For example, suppose that is desired to limit Py, to 0.1, then
this is substituted into (4.6) as follows,

n= F):gl(o.go). (4.35)

This leads to a threshold for the detector of n = 4.6052 since it is x3 distributed. In order to
verify that the test statistic is indeed x3 under Hy, it is assumed the input to the detector under
Hj is a complex normal white noise signal with independent and identically distributed (IID)

real and imaginary parts as follows,

N(0,07/2), (4.36)

where 02 is the variance of the complex normal white noise signal and A/ denotes the normal

distribution. The test statistic will be x3 regardless of the value of 02, since rxx = [0 0] in all
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cases. The complex normal white noise signal can be generated in MATLAB using the randn
function for both the real and imaginary parts. Figure 4.4. plots the simulated CDF (F;(n)|Ho)
for 02 = 5 against the theoretical x3 CDF generated using the chi2cdf function in MATLAB.
The range of the threshold n is 0 to 40, giving a total of 41 tested thresholds. The detector
is set up to detect o for an IEEE 802.11a/g OFDM signal. It is clear that there is strong
agreement between the simulated CDF's and the theoretical distribution, thus confirming that
the test statistic is x3 distributed under Hy. Figure 4.5 compares the P; vs. SNR performance
of the test statistic (4.34) with the FFT approach described in [76] [2] [77] [39], using the test
statistic in (4.21). The test signal is an IEEE 802.11a/g OFDM signal in an AWGN channel
with SNR in the range -30dB to 0dB. The observation interval is N = 16384 samples (FFT size)
and Py, = 0.1 for both detectors. It can be observed that there is no performance difference

between the time domain and FFT domain methods.

CDF of GLRT Detector vs. x5 CDF
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Figure 4.4: CDF of GLRT detector vs. x2 CDF
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Pd vs. SNR Comparison Time Domain and FFT Domain GLRT Detectors
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Figure 4.5: P; vs. SNR comparison Time Domain and FFT Domain GLRT detectors

4.6 Low Complexity Detector

In this section, a test statistic is introduced that can be derived by further analysing the elements
of Xxx, assuming that under Hy, the input signal is a complex normal white noise signal with
real and imaginary parts distributed according to (4.36). Under this condition, the quantities
X and Y are statistically independent, meaning that E[XY] in (4.30) is separable and can be
written as E[X]E[Y]. Furthermore, there is no cyclostationarity present in the input signal, so

E[X] = E[Y] = 0. This reduces Xxx to,

E[X? 0
Sex = : (4.37)
0 E[Y?

It is clear that only the variance terms remain in Eyx. In order to determine E[X?] and E[Y?],
it is instructive to expand the product z[n]z*[n — v]e 72™", Firstly, let us denote, x[n] =

zp[n] + jxi[n], 2¥[n — v] = 2. [n — V] + jzi[n — v] and eI = cos(2man) — jsin(2ran). After
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substitution and expansion X is given by the following,

X = z,;[n]z,[n — v]cos(2man)
— x;[n]x;[n — v]cos(2man) (4.38)
+ z[n]z;[n — v]sin(2ran)

+ zi[n]z,[n — v]sin(2ran).

The mean value of sine and cosine waveforms with peak amplitudes of 1 is zero, and their Root
Mean Square (RMS) value is 1/1/2. Therefore, they have a variance of 1/2. [87]. The variance
of the product of n independent zero mean random variables is equal to the product of their
individual variances. Therefore, the variance of each of the four terms in (4.38) can be calculated
as,

2 2 4
On On On
— o= 4.
2 2 8 (4.39)

DN =

The four product terms in (4.38) are also independent random variables meaning that the total

variance is given by the sum of their individual variances leading to,

g

4
“n
9

BElX? = (4.40)

A similar approach can be used to determine E[Y?] . Following from this, Xy reduces to,

T
Sux = | 2 (4.41)
0

“‘:q»; =

Now considering 3y is an estimate of Ly, it can be assumed that E[X?] ~ E[Y?] ~ 62/2 and

~

E[XY] ~ 0. Substituting this into (4.29) reduces the test statistic to,

~

‘2
Tro =

2N‘Rgx V]
P (4.42)

54
On

This test statistic still requires an estimate of aﬁb but is computationally more efficient than
(4.34), as E[X?] and E[Y?] do not need to be estimated independently and E[XY] does not

need to be calculated. As a result, we refer to this detector as the “Low Complexity” detector.
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4

0, can be estimated efficiently as,

1 N-1
Z’l‘ n—I/]|2. (4.43)
n=0
Therefore, the test statistic becomes,
. 2
A 2N’Ra v ‘
Tro = 5 (4.44)
~ Z ’x x*[n — VH

Since (4.34) is x3 distributed under Hy, it follows that (4.44) is also x5 under Hy as confirmed
in Figure 4.6.
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Figure 4.6: CDF of Low Complexity Detector vs. x3 CDF

Scaling by a factor of 2 on the numerator of (4.44) is unnecessary if it is realised that the x?
distribution is a special case of the I'(#, ) distribution, where 6 is the shape parameter and A

is the scale parameter. The relationship between the distributions is,
X% =TI'(v/2,2), (4.45)

where v denotes the degrees of freedom of the x? distribution. Therefore, a x3 distributed

random variable is equivalent to a I'(1,2) random variable. If a I'(1,2) random variable is
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divided by a factor of 2, the result is I'(1,1) distributed. Thus, the final test statistic can be
written as,
N| e, v
N—1 ¥ 2"
% Zn:O ‘x[n]w [TL - V”

Figure 4.7 compares the CDF of (4.46) and the theoretical I'(1,1) CDF. These match very

‘ 2

Tro = (4.46)

closely, thus justifying the preceding analysis.

CDF of Final Low Complexity Detector vs. I'(1,1) CDF
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Figure 4.7: CDF of Final Low Complexity Detector vs. I'(1,1) CDF

4.7 Spatial Sign Detector

In this section, a detector developed by the authors in [83] is introduced. The detector is based
on applying the spatial sign function to the complex input signal, which reduces the elements
of the covariance matrix in the GLRT test statistic (4.22) to constant values, regardless of the
signal variance. As a result, elements of the covariance matrix do not need to be estimated,
as was the case with the GLRT and Low Complexity detectors. The normalisation applied at
the input of the detector has been shown to provide robust detection performance in impulsive

noise environments when compared to other solutions [58], and this will also be demonstrated
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in Section 4.8. The spatial sign function is defined as,

ma [n] #0

s[n] = {171 : (4.47)
0, z[n] =0

In practice, it is assumed that the chance of receiving a zero valued sample, i.e. x[n] = 0 is

negligible. The CAF after applying the spatial sign function is,

N-1
A 1 .
RS [v] = N g s[n]s*[n — v]e~I2man, (4.48)
=0

3

where R,,[v] has been replaced with R[v] signifying that the complex input data has been

passed through the spatial sign function. The CAF in (4.48) can be estimated across a range of

cyclic frequencies by taking the FFT of s[n]s*[n — v] and scaling by a factor of 1/N as follows,
N-1

Z s[n]s*[n — v]eI2R/IN (4.49)

n=0

1
S[k] = N
where S[k| replaces X[k| defined previously. Figure 4.8 shows the magnitude of (4.49) for an
FFT size of N = 16384, with an IEEE 802.11a/g OFDM signal. It can be observed that the
cyclostationary features are still retained after transformation using the spatial sign function.
In [85], a mathematical justification for this is provided. Therefore, it is possible to detect the
presence of the signal of interest using cyclostationarity after applying the spatial sign function.
In order to compute the spatial sign function directly, an absolute value calculation is required,
which consists of two real multiply operations, an addition and a square root. It also requires
a division to normalise the complex input samples by their absolute values. Both square root
and division are difficult and costly to implement in FPGA hardware. Since it is desirable to
produce architectures that are as amenable to FPGA implementation as possible, it would be

beneficial to avoid the square root and division operations.
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|S[K]| for IEEE 802.11a/g signal N = 16384
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Figure 4.8: |S[k]| for IEEE 802.11a/g signal N = 16384

This is possible if it is realised that the spatial sign function is equivalent to the following,

s[n] = = cos(¢[n]) + jsin(¢[n]), (4.50)

where ¢[n] is the time dependent phase of z[n]. The implementation is immediately simplified as
the calculation can be performed using two Co-ordinate Rotational Digital Computer (CORDIC)
[88] stages. Having applied the spatial sign function, the random variable X as defined in Section

4.5 can be written as,

os([n])cos(9[n — v])cos(2man)
— sin(p[n])sin(p[n — v])cos(2man)
(4.51)
+ cos(pln])sin(¢p[n — v])sin(2wan)
+ sin(¢[n])cos(p[n — v])sin(2wan)
The variance of each of the four terms in (4.51) is 1/8 and therefore the total variance is,
Blx?Y =1 (4.52)
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It is also true under Hy that E[XY]| = E[X]E[Y] = 0, leading to the final covariance matrix,

S = (4.53)

S NI

D=

Substituting the inverse of (4.53) into (4.29) with #xx replaced by its spatial sign equivalent ,fgg,
leads to the test statistic,

~ ~ 2
Tys = 2N|Re | (4.54)

which is x3 distributed under Hy. Again, scaling by a factor of 2 is unnecessary and can be

removed, giving the final test statistic [58] [83],
. . 2
Tgs = N)Rgs [u]) . (4.55)

The distribution of (4.55) is I'(1, 1) as confirmed in Figure 4.9.

CDF of Spatial Sign Detector vs. I'(1,1) CDF
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Figure 4.9: CDF of Spatial Sign Detector vs. I'(1,1) CDF

4.8 Detection Performance Comparison

Having derived each of the detectors in the previous sections, it is now necessary to compare

their relative performance in terms of P; for both AWGN and impulsive noise environments.
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The performance will be evaluated for both IEEE 802.11a/g and DVB-T signals. Figure 4.10
compares P; vs. SNR curves for the GLRT, Low Complexity and Spatial Sign detectors in an

AWGN channel. Assuming a zero mean signal, the SNR in dB is defined as,
o2
SNR = 10loglo(0—;), (4.56)

where o2 is the signal variance and o2 is the noise variance. The input test signal is IEEE
802.11a/g Non-HT, the thresholds for the detectors have been chosen to guarantee a Py, = 0.1
and the observation interval is equal to N = 1600 samples, which is equivalent to 20 OFDM
symbols. Py is calculated by computing 5000 test statistics at each SNR level. At each iteration

of the simulation, new realisations of the IEEE 802.11a/g signal and the noise are generated.

Pd vs. SNR Comparison IEEE 802.11a/g AWGN N = 1600
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Figure 4.10: P, vs. SNR Detector Performances for IEEE802.11a/g in AWGN

It can be seen that the GLRT detector and the Low Complexity detector give the best overall
performance in an AWGN channel, with almost identical performances for each SNR level. It is
clear that for the Spatial Sign detector, there is a performance drop when compared to the GLRT
and Low Complexity detectors. This result is observed in [39] and [58]. The performance drop
can be explained by the fact that the spatial sign function discards the amplitude information of
the input signal [85]. This is disadvantageous since the reduction in detector complexity comes

at the cost of a reduced performance in an AWGN channel. Therefore, it can be concluded
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that the best detection performance can be achieved by choosing between the GLRT and Low
Complexity detectors, assuming operation in an AWGN channel .

The relationship between the performances of each of the detectors can also be observed for
a DVB-T signal. In this case, N, = 2048 and N, = 512, leading to Nyt4, = 2560. Therefore,
the fundamental cyclic frequency is a9 = 1/2560. Figure 4.11 shows P; vs. SNR curves for
each of the detection algorithms, with an observation interval of N = 51200 samples which
is equivalent to 20 OFDM symbols and Py, = 0.1. It can be observed that the best detection
performance is achieved by using either the GLRT or the Low Complexity detector and it is seen
that the Spatial Sign detector exhibits a reduced detection performance in the AWGN channel

as expected.
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Figure 4.11: P; vs. SNR Detector Performances for DVB-T in AWGN

Having assessed the performances of each of the detectors in an AWGN channel for IEEE802.11a/g
Non-HT and DVB-T OFDM signals, it is now instructive to assess their performances in impul-
sive noise environments. This follows the analysis carried out by the authors in [58]. Typical
sources of natural impulsive noise include atmospheric and receiver noise and man-made sources
include microwave ovens, car ignitions systems and radiation from power lines [58] [89]. As de-
scribed in [58], impulsive noise can be adequately modelled using contaminated Gaussian noise
distributions and Symmetric Alpha Stable (SaS) distributions. It has been found that contam-

inated Gaussian noise models give a good approximation to the Middleton Class A impulsive
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noise model. Similarly, SaS distributions give a good approximation to the Middleton Class B
model [58]. Therefore, we will use both of these to assess the performance of each detector in
impulsive noise.

In the simulations for Chapter 4 and 5, the following complex contaminated Gaussian noise

model will be employed as described in [58],
0.95N¢ (0, 02) 4 0.05N (0, 1000?), (4.57)

where N¢ denotes the complex Gaussian distribution. This model is used in [58] and 5% of the

time the noise is drawn from a complex Gaussian distribution with a variance of 10002. In the

2

case of the contaminated Gaussian noise model, the SNR is still defined as in (4.56) where o,

is equal to 0.
Figures 4.12 and 4.13 compare the performances of the detectors in the presence of the

contaminated Gaussian impulsive noise. Again, N, = 512 for the DVB-T signal.

P, vs. SNR IEEE802.11a/g in contaminated Gaussian noise
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Figure 4.12: P; vs. SNR detector comparisons for IEEE802.11a/g in contaminated Gaussian
Impulsive noise
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Pd vs. SNR DVB-T in Contaminated Gaussian Noise
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Figure 4.13: P; vs. SNR detector comparisons for DVB-T in contaminated Gaussian Impulsive
noise

It is clear that the performance of the GLRT and Low Complexity detectors degrades signifi-
cantly. Conversely, the Spatial Sign detector outperforms both the GLRT and Low Complexity
detectors in the contaminated Gaussian noise. This insensitivity to impulsive noise is achieved
because of the normalisation applied by the spatial sign function. This result was also observed
in [58].

As described earlier, impulsive noise can be adequately modelled using an SasS distribution.
Stable distributions are a family of probability distributions that can be used for modelling heavy
tails and skewness [90]. The stable distribution is characterised by four parameters: the stability
parameter («), the skewness parameter (), the scale parameter (s) and the location parameter
(). The SaS distribution corresponds to the case where 5 = 0 and the Cauchy distribution is
a special case of the symmetric stable distribution with o = 1. In [58], noise samples from the
Cauchy distribution are added to the signal of interest, in order to demonstrate the robustness of
the Spatial Sign detector in impulsive noise environments. Therefore, this approach will also be
employed in this thesis. In order to assess the performance of each detector in Cauchy impulsive

noise, a new metric is defined called the Generalised Signal to Noise Ratio (GSNR). This is given

by,

[N )

GSNR = 10loglo(%), (4.58)

68



Chapter 4. Cyclostationary Feature Detection for OFDM Signals

where s corresponds to the scale parameter of the Cauchy noise. Figures 4.14 and 4.15 compare
the performances of each detector in Cauchy impulsive noise as a function of GSNR for both

IEEE802.11a/g and DVB-T signals.
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Figure 4.14: P; vs. GSNR detector comparisons for IEEE802.11a/g in Cauchy Impulsive noise
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As was the case for the contaminated Gaussian noise, it is clear that the Spatial Sign detector
performs robustly in the presence of the Cauchy distributed noise. However, the performance of
the GLRT and Low Complexity detectors is severely degraded. It can also be observed that as
the GSNR decreases, P; does not converge to the theoretical Py, of 0.1 for the GLRT and Low
Complexity detectors. The theoretical false alarm rate is not achieved because the Cauchy noise
violates the asymptotic normality of the CAF. The Cauchy noise has a non-finite variance and
thus the Generalised CLT applies rather than the CLT. Using the Spatial Sign function ensures
that the asymptotic normality of the CAF is retained, because the variance of the output signal
is finite and constant and thus the CLT is satisfied. Therefore, the theoretical false alarm can
be achieved, even when the input signal is corrupted by Cauchy noise. Overall, the Spatial Sign

detector has the most robust performance in both AWGN and impulsive noise.

4.9 Chapter Summary

In conclusion, this chapter has introduced the concept of cyclostationary feature detection for
OFDM signals. This problem is an especially important part of the research into CR, which
has been offered as a solution to the problem of spectrum underutilisation. Several cyclostation-
ary feature detection algorithms that exist in the literature have been introduced and derived
and their ability to detect both IEEE 802.11a/g Non-HT and DVB-T OFDM signals has been
established.

Each of these detectors exhibits a CFAR and only requires knowledge of the OFDM signal
structure and cyclic frequencies. Knowledge of these details is realistic, since they are publicly
available for the various commercial OFDM waveforms in use today. It has been shown that the
GLRT and the Low Complexity detectors provide the most robust performance, assuming oper-
ation in an AWGN channel. The Spatial Sign detector exhibits a slight reduction in performance
in the AWGN channel due to the loss of amplitude information. However, the Spatial Sign de-
tector provides robust performance in impulsive noise environments, whereas the performances

of the GLRT and Low Complexity detectors degrade significantly.
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Chapter 5

Improved Cyclostationary Feature

Detection Algorithms

5.1 Introduction

Having derived several cyclostationary feature detection algorithms and compared their perfor-
mances in the detection of both IEEE 802.11a/g Non-HT and DVB-T OFDM signals, four new
detection algorithms will be introduced. Each of these is derived based on a novel method where
the CAF is split into two component functions, formed using the real and imaginary parts of
the autocorrelation lag product respectively. The first three algorithms can be considered as
reformulations of the GLRT, Low Complexity and Spatial Sign detectors introduced in the pre-
vious chapter. The fourth algorithm combines quantisation of the complex OFDM signal at
the detector input, with the proposed method of basing the detection on estimation of the two
component functions of the traditional CAF. The four proposed cyclostationary detectors are
called the Split-CAF GLRT, Split-CAF Low Complexity, Split-CAF Spatial Sign and Split-CAF
Quantised detectors respectively.

The probability distributions of the test statistics under the null hypothesis are confirmed
theoretically and in simulation. The performances of the detectors are established for the detec-
tion of both IEEE802.11a/g Non-HT and DVB-T OFDM signals in AWGN and impulsive noise
environments. Furthermore, the performance of the algorithms under radio impairments such

as multipath fading and CFO are investigated.
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5.2 Proposed Detection Algorithms

5.2.1 Component Functions

In the previous chapter, each cyclostationary detection algorithm was based on estimation of

the CAF, as re-stated below,

N—

R ] = % 3 alnla*fn — v]e2men, (5.1)
n=0

—_

Due to the fact that the received OFDM signal is corrupted by noise, the autocorrelation lag
product z[n]z*[n — v] will be a complex valued signal. This leads us to define a modified CAF

that only considers the real part of x[n]z*[n — v] as follows,

2

I3, = W?ﬁ[?ﬂx* [ — v])e72men, (5.2)

0

1
N

n

Similarly, another modified CAF can be formulated using the imaginary part of xz[n]z*[n — v]

as,

Yo 1 pl lgx * —j2wan
L=+ ZO S(x[n]a*[n — v))e : (5.3)

Note that the letters I and @) have been used in keeping with the concept of I/Q data. The

functions I%,[v] and Q2,[v] are related to R2,[V] as,
Ry, V] = I3, [V] + jQ% ). (5-4)

Therefore, they can be thought of as two component functions that combine to form the tradi-
tional CAF'. In the following sections, several detection algorithms are introduced that compute
separate test statistics using 1%, [v] and Q2 [v], and sum the results to form a final test statistic.
These are called the Split-CAF GLRT, Split-CAF Low Complexity, Split-CAF Spatial Sign and
Split-CAF Quantised detectors.

5.2.2 Split-CAF GLRT Detector

In this section, a new test statistic is introduced that is similar in formulation to the GLRT

detector in Section 4.5 of Chapter 4. The derivation of the Split-CAF GLRT begins by arranging
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the real and imaginary parts of I & [v] in vector form as follows,

A

Lo = RUGLV) SULWDI- (5.5)
Similarly, the real and imaginary parts of ng [v] can also be arranged in vector form,
Qux = R(Q[V) Q%)) (5.6)

The elements of ixx and Qxx are calculated as follows,

R(I%, ) = % > R(R(@n]a*[n — v])e 727, (5.7)

Q% [v]) = % X(S(z[n)a*[n — v])e~I2men), (5.10)

The quantities R(R(z[n]z*[n — v])e~727m), F(R(z[n]z*[n — v])e=92mn), R(S(z[n]z*[n — v])e—I2mom)
and (S(z[n)z*[n — v])e~I2man)

Y7, Xg and Yg respectively. Similarly, R(1%,[v]), S(I2,[v]), R(Q2,[v]) and I(Q2,[v]) are also

are random variables and will be denoted by the symbols X7,

random variables and will be denoted as X7, Y7, )_(Q and }_/Q respectively. If we assume that
X1, Y7, Xg and Yy are drawn from a probability distribution with finite mean and variance, it
follows from the CLT that X7, Y7, X¢ and Y are normally distributed random variables under
both hypotheses for a sufficiently large N. Under Hy, the means of ixx and QXX are zero since
no cyclostationarity is present, and these quantities only have values due to estimation errors.
Under Hip, the mean of ixx is equal to Ixx, i.e. the true value which is unknown. Therefore, a

GLRT test statistic can be formed for I%,[v] as,

Tr = LSl Ty (5.11)
Similarly, a test statistic can be formed for Q% [v] as,
T = Qux Dot Q- (5.12)
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As before, the main task in formulation of these detectors is estimation of the covariance matri-

ces. The estimated covariance matrix for (5.11) is given by,

. E[X? XY
o = | OB (5.13)
EYiX1]  E[Y}]
Similarly, the estimated covariance matrix for (5.12) is computed as,
. E[X2 E[XoY,
2XXQ = | . _[ C_ﬂ [A ? Q] (514)
ElYoXq]  E[Y]]
Using the CLT, it is possible to formulate (5.13) as,
. E[X?]/N  E[X;Y7]/N
S = | (X71/ [ Y1)/ | (5.15)
EYiX)/N  EIY?)/N
and similarly (5.14) can be computed as,
. E[X3]/N  E[XqYg]/N

ElYoXql/N  EIY3l/N

The scaling factor of 1/N in (5.15) and (5.16) can be removed by multiplying through by N

giving the final estimated covariance matrix for (5.11),

Pxy = BT A[XIY[], (5.17)

ElviX;] E[?
and similarly for (5.12) as,

: E[X3]  E[XqYq]

g = (5.18)

N

E[YoXq]  E[YJ]

However, the scaling by N must be applied to the test statistics in (5.11) and (5.12). This leads

to a final test statistic for 1% [1/],

(5.19)
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and for Q2,[v],

T = NQux By, Q- (5.20)

The elements of (5.17) and (5.18) are calculated as follows,

R 1 ¥ . )
E[X?] = N Z RR(z[n)z*[n — v])e 72mm)" (5.21)
n=0
. . 1 A A
E[XY] = E[Y1 X[ = N R(R(z[n]z*[n — v])e 2™ F(R(z[n]z*[n — v])e I2™m), (5.22)
n=0
. 1 N , )
E[Y?] = N S(R(x[n)z*[n — v])eI2mom)" (5.23)
n=0
1= 2
E[X%] =N R(S(z[n]z*[n — v])e 72mm)", (5.24)
n=0
. , 1 = .
ElXqYq) = ElYoXq] =+ D R(S(aln)z"[n — v))e > ™) S(S(a[nla [n — v])e™77m),
" (5.25)
| N1 )
E[Yé] = (S (x[n)z*[n — v])e 72", (5.26)
n=0
Using (5.19), the final test statistic for 1% [v] can be written as,
i) — N RULLDPEN?] + QUL DD EX — 2RULLQURLD XY (o
XFEY?] - (BE[XY1))?
and using (5.20), the final test statistic for Q2,[v] is,
o = RQEDPEIE] + (S ) PEIXE] — 2@ @b EXYel
EIXZ]EYS)]

Under Hy, both Tr and TQ are Y3 distributed random variables. It is not desirable to use either
Ty or TQ as test statistics on their own, for reasons that are explained in Section 5.4.2. Because

of this, it is proposed that Ty and TQ be summed together to form a new test statistic,
TSC—GLRT = T[ + TQ. (5.29)

Note that the justification for this approach will be provided in Section 5.4.2. If the numerator
of (5.27) is denoted as Ny, the denominator of (5.27) is denoted as Dy, the numerator of (5.28)
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is denoted as Ng and the denominator of (5.28) as Dg, then TSC_GL rr is calculated as,

N[DQ + NQD[
DiDg

Tsc—cLrr = N (5.30)
Since both 7' T and TQ are independent and X% distributed, T SC_GLRT 18 Xi distributed. This
is because the sum of n independent x3 random variables is x3, distributed, as confirmed in

Figure 5.1.
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Figure 5.1: CDF of Split-CAF GLRT Detector vs. x2 CDF

5.2.3 Split-CAF Low Complexity Detector

A Split-CAF Low Complexity detector can be derived by further analysing the Split-CAF GLRT,
assuming that the input signal under Hj is a complex normal white noise signal with real and
imaginary parts distributed according to (4.36). This detector is described in the paper [1],
written by the author of this thesis.

The first step is to analyse the covariance matrix in (5.17). Note that this analysis will
equally apply to the covariance matrix in (5.18). Due to the fact that X; and Y7 are statis-
tically independent, E[X;Y;] = E[X|E[Y7]. Furthermore, under Hy, the input signal is not
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cyclostationary so E[X] = E[Y7| = 0. This reduces (5.17) to,

E[X%] 0
Exxl = . (531)
0 B[Yf]

In order to determine the variance of X7y, it is first necessary to expand the product. Let us denote
z[n] = z.[n] + jxi[n], 2*[n — v] = 2.[n — V] + jzi[n — v] and e 712" = cos(2man) — jsin(2ran)

as before. After some mathematical manipulation, X; can be written as,

X1 = zp[n]x,[n — v]cos(2man)

(5.32)
+ zi[n]zi[n — v]cos(2man).
Using the same process as for the Low Complexity detector, it can be shown that,
E[X?] = ol/4. (5.33)
Similarly, for Y7 it can be shown that,
E[Y?] = ot /4. (5.34)
This reduces the covariance matrix in (5.31) to,
S = o/t 0} (5.35)
0 ol/4

Therefore, it can be assumed that E[X?] ~ E[Y?] ~ 62/4 and E[X Y]] = 0. Substituting into
(5.19) reduces the test statistic to the following,

2

p = AV , (5.36)

Tr =
o

I3.[v]

which will be x3 distributed under Hy. Multiplying the numerator of (5.36) by a factor of 4 is

unnecessary and so the test statistic becomes,

A N
Tr=—
g

n

~ 2
iz,

(5.37)
Since (5.36) is x3 distributed, it follows that (5.37) is I'(1,0.5) distributed. As mentioned, a
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similar approach can be followed for the test statistic in (5.20), leading to,

TQ:;% g:c[y]

‘2 (5.38)

Having defined the Low Complexity test statistics for both 1%, [v] and Q2,[v], they can now be
combined as was the case for the Split-CAF GLRT,

Tsc_Lc:N(Ia ‘JF‘Q ) : (5.39)
4

TL

Finally, the test statistic can be computed as,

~ 2 ~ 2
Nz | +|Qz )
NZ ‘x [n—u”T

TSCfLC = (5.40)

Since (5.37) and (5.38) are I'(1,0.5) distributed, it follows that (5.40) is I'(2,0.5) distributed, as

confirmed in Figure 5.2.
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Figure 5.2: CDF of Split-CAF Low Complexity Detector vs. I'(2,0.5) CDF

5.2.4 Split-CAF Spatial Sign Detector

As demonstrated in Chapter 4, the Spatial Sign detector has benefits related to the fact that

it employs a test statistic with a reduced complexity and it has been shown to perform well in
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impulsive noise environments. Recall that after applying the spatial sign function, the CAF is

given by the following,

R [v] = % z_: s[n]s*[n — v]e 72, (5.41)
n=0

The component function, f;‘x[y], after applying the spatial sign function is,

N-1
%] = % Z R(s[n]s*[n — v])e I2mn, (5.42)

n=0
Similarly, the component function, ng[y], after applying the spatial sign function is,

. 1 = .
> vl = N Z X(s[n]s*[n — v])eI2mn, (5.43)

n=0

As with the original Spatial Sign detector, the elements of the covariance matrix reduce to

constants. The covariance matrix in (5.35) becomes,

1/4 0
z]ssI = . (544)
0 1/4

Therefore, it follows that a test statistic for I%[v] is,

. . 2
Tr =4AN|IS V]| (5.45)
which is x3. Dividing by a factor of 4 leads to,
. . 2
Ty = N|I&[V]| (5.46)

which is T'(1,0.5) distributed. A similar test statistic can be defined for Q%[v],
. . 2
To = N|Qal]| (5.47)

Combining (5.46) and (5.47) as for the previous two detectors, leads to a final test statistic for
the Split-CAF Spatial Sign detector,

~ ~ 2 ~ 2
Tso-ss = N(Ia0| +|Qwb]). (5.48)
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Figure 5.3 confirms the distribution of the test statistic under Hy.
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Figure 5.3: CDF of Split-CAF Spatial Sign Detector vs. I'(2,0.5) CDF

5.2.5 Split-CAF Quantised Detector

In this section, a detector is proposed that attempts to exploit the cyclostationarity of the
complex OFDM signal after its real and imaginary parts have been quantised to one of two
levels, based on the sign of the samples. This approach was inspired by the simple formulation
of the Spatial Sign detector, and its robustness to the effects of impulsive noise.

Taking an example, if the value of the real part of the input signal was -0.25, then the sample
would be quantised to -1. Conversely, if the value was 0.25, then it would be quantised to 1.

Firstly, let us express z[n] as follows,

x[n] = x.[n] + jzin]. (5.49)

The first step in deriving this detector is to confirm that the cyclostationarity of the signal is

maintained after it has been quantised. The quantisation of z,[n] is equivalent to applying the
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04 |Q[K]| for IEEE 802.11a/g signal N = 16384
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Figure 5.4: |Q[k]| for IEEE 802.11a/g signal N = 16384

sign function which is expressed as follows,

ar[n] = sgn(zr[n]) = 40,  R(z[n]) =0,

(5.50)

where g,[n] will be used to denote the quantised x,[n]. This can equally be defined for z;[n],

-1, S(z[n)) <O,

@i[n] = sgn(ziln]) = 0,  S(z[n]) =0,

(5.51)

where ¢;[n] will be used to denote the quantised x;[n|. As was the case in the derivation of the

Spatial Sign detector, it is assumed that the chance of receiving a zero sample is small. The

quantised complex data can be expressed as,

q[n] = g-[n] + jgi[n].
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Real and Imaginary Parts of Quantised Autocorrelation Lag Product

2 O 6) ol LOH—0O o L oO—O0O— 60O ol
T T g T T T T T T T g

15 .
—o© Real

Tr —9 Imaginary 1

05 1

Amplitude

0.5 .

A5 1

2 1 o 1 1 D). Fany a 1 Fany
- o—C A= A= < < <

0 2 4 6 8 10 12 14 16 18 20
Sample Index (n)

Figure 5.5: Real and Imaginary parts of g[n]¢*[n — v]

An estimate of the quantised CAF is defined as follows,

N-1

Do 1 * —j2mna

Ryl = > alnla’[n — v]e 7™, (5.53)
n=0

This can be evaluated across a range of cyclic frequencies by taking the FFT of the quantised
autocorrelation lag product g[n]¢*[n — v] and scaling by factor of 1/N. Figure 5.4 shows this
for an IEEE 802.11a/g OFDM signal with N = 16384. The scaled FFT is denoted as Q[k]. It
can be observed that the cyclostationarity has been retained after applying the quantisation as
the spikes corresponding to ag and its harmonics can clearly be seen protruding above the noise
floor. Therefore, this would appear to confirm that it is possible to use the cyclostationarity of
the quantised signal for detection of OFDM.

In order to formulate this detector using the same method as employed for the previous
three detectors, it is necessary to look more closely at the quantised autocorrelation lag product
q[n]g*[n — v]. Due to the fact that the quantisation step has been applied, g[n]¢*[n — v] can only
have the values 2, -2, 2j or -2j. Therefore, g[n]g*[n — v] is not complex valued as was assumed in
the formulation of the previous detectors, but is in fact only either real or imaginary. This means
that when R(¢[n|q*[n — v]) has a value of 2, (g[n]g*[n — v]) is equal to 0 and vice-versa. Figure

5.5 shows R(g[n]¢*[n — v]) and I(g[n]¢*[n — v]) plotted together for a period of n = 20 samples.
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The input to the quantiser is a complex normal white noise signal and v = 64. This confirms
that g[n]¢*[n — v] can only take the stated values. However, it is clear that R(q[n]¢*[n — v]) and
X(g[n)q*[n — v]) are separate signals and each carry information. Therefore, it is still possible
to use the Split-CAF technique applied for the previous detectors. The first component CAF

can be defined as,

N-1

Tou 1 * —j2wan

I =% > Riglnlg*[n — v])e 7>mon, (5.54)
n=0

The second component CAF is,
. 1 V= .
vl =~ S Slalnlg’n — v, (5.55)

n=0

Assuming that no zero samples are received, both ¢,.[n] and ¢;[n] can only take on the values of

—1 or 1. Therefore,

N-1
1
o’ =5 nz:%\q[n]f =2. (5.56)

Since 0% = 2, it follows that o* = 4. This can be confirmed by visual inspection of Figure 5.5

4

since o* can be calculated as,

1 N-1 )
ot = N Z lg[n)q*[n—v]|”. (5.57)
n=0

This leads to the following covariance matrix for I aalvl;

1 0
Sqq, = . (5.58)
0 1
Therefore, a test statistic for I gV is,
. . 2
Tr=N ng[u}) : (5.59)

which will be x3 distributed under Hy. An identical test statistic can be formulated for Qg‘q [v],

Ty = N‘ng[y]f (5.60)

As was done for the previous three detectors, (5.59) and (5.60) can be added together to produce
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a final test statistic,
‘2

Tso-q = N((Fp| +[@500)). (561)

Since both (5.59) and (5.60) are x3 distributed, it follows that (5.61) is x3 distributed. This is

confirmed in Figure 5.6.
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Figure 5.6: CDF of Split-CAF Quantised Detector vs. x2 CDF

5.3 Performance Comparison with Previous Detectors

In this section, the performance of the proposed detectors will be compared with the performance
of the detectors introduced in Chapter 4. Figure 5.7 compares P; vs. SNR curves for the GLRT,
Low Complexity, Spatial Sign, Split-CAF GLRT, Split-CAF Low Complexity, Split-CAF Spatial
Sign and Split-CAF Quantised detectors. Note that the abbreviation LC has been used to
denote Low Complexity and S-C to denote Split-CAF in the figure legend. The test signal is
IEEE 802.11a/g OFDM in AWGN, N = 1600 samples (20 OFDM symbols) and Py, = 0.1. As
was the case in Chapter 4, Py is calculated by computing 5000 test statistics at each tested SNR

level.
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Figure 5.7: Py vs. SNR comparison of all detectors IEEE 802.11a/g in AWGN

It can be observed that the best overall performance in the AWGN channel is achieved by the
Split-CAF GLRT and the Split-CAF Low Complexity detectors, since they have almost identical
performance curves. The next best performance is achieved by the GLRT, Low Complexity
and Split-CAF Spatial Sign detectors as their performance curves overlap closely. This result
demonstrates that the Split-CAF Spatial Sign detector has been able to bridge the performance
gap that exists between the GLRT, Low Complexity and Spatial Sign detectors in an AWGN
channel, as was highlighted in Chapter 4. Finally, the poorest performance in an AWGN channel
is exhibited by the Spatial Sign and Split-CAF Quantised detectors. These results clearly
demonstrate the performance benefit that can be gained by employing the Split-CAF technique
when compared to the traditional CAF. In order to highlight this further, Figure A.1 in Appendix
A compares the Split-CAF GLRT and GLRT detectors, Figure A.2 compares the Split-CAF Low
Complexity and Low Complexity detectors and Figure A.3 compares the Split-CAF Spatial Sign
and Spatial Sign detectors. In all cases, it is clear that the proposed detectors outperform the
existing algorithms, which are based on estimation of the traditional CAF. This is justified
theoretically in Section 5.4.2.

Figure 5.8 compares all of the detectors for a DVB-T test signal in AWGN. In this case,
N, = 2048 and N, = 512, leading to a total N,tqm = 2560. The CP is formed of 1/4 of the
useful OFDM symbol. The observation interval is N = 51200 (20 OFDM symbols) and Py, =
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Figure 5.8: P; vs. SNR comparison of all detectors DVB-T in AWGN CP = 1/4

Again, it can be seen that the best overall performance in the AWGN channel is achieved by the
Split-CAF GLRT and GLRT detectors. These are followed by the GLRT, Low Complexity and
Split-CAF Spatial Sign detectors. Finally, the poorest performance is exhibited by the Spatial
Sign and Split-CAF Quantised detectors. Furthermore, Figures A.4 - A.6 show the results for
CP lengths of 1/8, 1/16 and 1/32 respectively.

As was the case in Chapter 4, it is instructive to assess the performances of the proposed
detectors in impulsive noise environments. In the first instance, the contaminated Gaussian
noise model in (4.57) will be employed. Figures 5.9 and 5.10 compare all of the detectors in
contaminated Gaussian noise for the IEEE 802.11a/g and DVB-T test signals. As before, CP
=1/4 for the DVB-T signal. Figures A.7 - A.9 show the results for CP = 1/8, 1/16 and 1/32

respectively.
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Figure 5.9: Py vs. SNR comparison all detectors for IEEE802.11a/g in contaminated Gaussian
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Figure 5.10: P; vs. SNR comparison all detectors for DVB-T CP = 1/4 in contaminated
Gaussian noise

It can be observed that the Split-CAF Spatial Sign detector achieves the best performance in the

contaminated Gaussian noise. This is closely followed by the Split-CAF Quantised and Spatial
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Sign detectors. The Split-CAF Quantised detector provides a slight performance enhancement
over the Spatial Sign detector, although this is very minor. As with the Spatial Sign detector,
the robustness of the Split-CAF Spatial Sign and Split-CAF Quantised detectors is due to the
fact that they apply a normalising operation. The next best performance is achieved by the
Split-CAF GLRT and Split-CAF Low Complexity detectors albeit at a significantly reduced
performance when compared to the AWGN channel. Finally, the poorest performance is ex-
hibited by the GLRT and Low Complexity detectors. Therefore, it can be concluded that the
proposed Split-CAF Spatial Sign detector achieves the best performance in the contaminated
Gaussian noise, outperforming the Spatial Sign detector, which was shown to be the most robust
to this type of noise in [58]. Also, both the Split-CAF GLRT and Split-CAF Low Complexity
detectors perform better in this noise than their traditional CAF counterparts.

As was the case in Chapter 4, the performances of the detectors in Cauchy impulsive noise will
now be assessed. Figures 5.11 and 5.12 show the results for IEEE 802.11a/g and DVB-T signals
respectively. Interestingly, it can be observed that the most robust performance is achieved by
the Split-CAF Quantised detector in Cauchy noise. This is very closely followed by the Split-
CAF Spatial Sign detector, which performs marginally worse in all cases. This contrasts with
the contaminated Gaussian noise case, where the Split-CAF Spatial Sign detector exhibited the
best performance overall. However, both the Split-CAF Quantised and Split-CAF Spatial Sign

detectors outperform the Spatial Sign detector.
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Figure 5.11: Py vs. GSNR detector comparison for IEEE802.11a/g in Cauchy Impulsive noise
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Figure 5.12: Py vs. GSNR detector comparison for DVB-T CP = 1/4 in Cauchy Impulsive noise

The Split-CAF GLRT and Split-CAF Low Complexity detectors show significantly degraded

performance and do not achieve the theoretical false alarm rate. This is due to the reasons

described in Section 4.8. Further results for different DVB-T CP lengths are shown in Figures

A.10 - A2

Table 5.1 summarises the results presented in this section by ranking the performance of all of

the detectors in both AWGN and impulsive noise environments, based on the tests conducted

with IEEE 802.11a/g and DVB-T OFDM signals.

Table 5.1: Performance Ranking for detectors in AWGN and Impulsive Noise

Detector Ranking (AWGN) | Ranking (CGN) || Ranking (Cauchy)
GLRT 2nd 5th 5th
Low Complexity ond 5th 7th
Spatial Sign 3rd 3rd 3rd
Split-CAF GLRT 15t 4th 4th
Split-CAF Low Complexity 15¢ 4th 6t
Split-CAF Spatial Sign ond 15t ond
Split-CAF Quantised 3rd ond 15t

Note that CGN denotes contaminated Gaussian noise. From Table 5.1, it is clear that if operating

in an AWGN channel, the best detectors to choose are the Split-CAF GLRT and Split-CAF Low
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Complexity detectors. In contaminated Gaussian noise, the best performing detector is the Split-
CAF Spatial Sign detector. In contrast, the best performance in Cauchy noise is achieved by the
Split-CAF Quantised detector. However, in order to determine the best performing detector,
it is necessary to consider their performances in all environments jointly. With this in mind
and referring to Table 5.1, it appears that the Split-CAF Spatial Sign detector achieves the
highest overall ranking for all considered noise environments, achieving a ranking of 2nd place

in AWGN, 1st in contaminated Gaussian noise and 2nd place in Cauchy noise.

5.4 Performance Under Radio Impairments

Having assessed the proposed algorithms in AWGN and impulsive noise, it is now instructive
to examine their performance under common radio impairments. Specifically, the impact of

impairments introduced by multipath channels and CFO will be considered.

5.4.1 Performance in Multipath Channels

For testing purposes, it will be assumed that an IEEE 802.11a/g signal is passed through a
frequency-selective channel with a rayleigh PDF i.e. having no LOS component.

This form of channel can be modelled in MATLAB using the stdchan function, which gen-
erates a channel filter object that is passed to the filter function along with the generated test
signal. The stdchan function requires four parameters: the input sampling period, the maxi-
mum Doppler shift in Hz, the channel type and the RMS delay spread. In the case of an IEEE
802.11a/g signal, the input sampling period is 50ns and the channel type is “802.11g.”

Figure 5.13 compares P; vs. SNR for all of the detectors for a channel with f; = 200Hz
and a RMS delay spread of 250ns. Figures 5.14 and 5.15 compare the detectors for f; = 200Hz
and RMS delay spreads of ds = 500ns and ds; = 750ns respectively. These can be considered
moderate, high and very high delay spreads. The background noise is AWGN, the observation
interval is NV = 1600 samples and Py, = 0.1.
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Figure 5.13: Py vs. SNR comparison IEEE 802.11a/g in Multipath Channel dy = 250ns
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Figure 5.14: Py vs. SNR comparison IEEE 802.11a/g in Multipath Channel dg = 500ns
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Figure 5.15: Py vs. SNR comparison IEEE 802.11a/g in Multipath Channel ds = 750ns

It should be noted that, using (3.3) and (3.4), fg = 200Hz is equivalent to a T, of approximately
2.5ms. This is greater than the detector observation interval, which is equal to 80 us. Therefore,
the multipath channel can be considered static, and only changing delay spread will affect the
detector performance. Referring to Figures 5.13 - 5.15, it can be observed that increasing delay
spread leads to decreasing detection performance for all detectors. This is caused by the fact
that interference from other symbols reduces the strength of the correlation between the CP and
the end of the OFDM symbol, making cyclostationary detection more difficult. As the delay
spread increases in severity, the correlation becomes weaker and, therefore, the performance
degrades accordingly. Figure 5.16 compares the performance of the Split-CAF GLRT for an
AWGN channel only and channels with ds = 250ns, 500ns and 750ns.
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Figure 5.16: Py vs. SNR Split-CAF GLRT in AWGN with different delay spreads

As expected, it can be seen that as the delay spread increases, the performance of the detector
reduces. However, the results show that detection is still viable in a multipath channel, albeit
at a lower overall performance when compared to the ideal AWGN channel.

Having determined that the detectors are sensitive to the delay spread of the channel, it is
now instructive to understand how they are affected by time varying channels. As reviewed in
Chapter 3, the maximum Doppler spread (D;) is approximately inversely proportional to the
coherence time (7). For an observation interval of N = 1600 samples, the total duration is
20 OFDM symbols which is 80us at f; = 20MHz. Figure 5.17 compares the performance of
the detectors in a multipath channel with ds = 500ns and T, = 40us. This is equivalent to a
coherence time of 10 OFDM symbols and using (3.3) and (3.4), fy = 12.5kH z.
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Figure 5.17: Py vs. SNR in Multipath with d; = 500ns and 7, = 10 symbols

It can be observed that the performance of the detectors is unaffected for T, = 10 symbols, when
compared to the static channel in Figure 5.13. Figures 5.18, 5.19 and 5.20 show the results for
T. = 5 symbols, T, = 2 symbols and T, = 1 symbol. These correspond to f; = 25kHz, 62.5kHz
and 125kHz respectively.
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Figure 5.18: P; vs. SNR in Multipath with d;, = 500ns and 7, = 5 symbols
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Figure 5.19: P; vs. SNR in Multipath with d; = 500ns and 7, = 2 symbols
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Figure 5.20: P; vs. SNR in Multipath with d; = 500ns and 7. = 1 symbol

In Figure 5.18, a slight reduction in performance can be observed when compared to Figure 5.17
for T, = 10 symbols. However, in Figure 5.19 for T, = 2 symbols, the performance begins to
degrade noticeably. Finally, for 7, = 1 symbol in Figure 5.20, the cyclostationarity is completely

corrupted and detection is no longer possible. Figure 5.21 compares the Split-CAF GLRT for a
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range of different coherence times.
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Figure 5.21: P; vs. SNR Split-CAF GLRT in AWGN with different coherence times

This shows that detection is still possible in channels where T, is less than the detector obser-
vation interval. However, as T, moves closer to the duration of an OFDM symbol, the effect of
the time varying channel on the underlying cyclostationarity becomes more severe. As can be
seen at a T, = 1 symbol, the cyclostationarity is completely destroyed and, thus, detection is
impossible.

To conclude, it can be stated that detection performance is sensitive to increasing delay
spread of a multipath channel, because ISI absorbed by the CP leads to a reduction in the
strength of the correlation between the CP and the end of the OFDM symbol. However, detection
is still possible for moderate to high delay spreads, at a reduced performance when compared
to the ideal channel. Furthermore, for fast varying channels, where 7, approaches the OFDM
symbol period, a marked degradation is observed when compared to the static channel. However,
it has been shown that detection is still possible in time varying channels, where T is less than

the detector observation interval.

5.4.2 Carrier Frequency Offset

In any practical system, there will be a frequency offset between the transmitter and receiver,
which will be translated to baseband. In OFDM receivers, this offset must be estimated and

corrected in order to recover the data from the OFDM signal. This can be achieved using
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training symbols or the CP. However, it would be beneficial for the detectors to be robust to
this impairment so that a frequency synchronisation stage is not necessary prior to detecting
the signal. Figures 5.22 - 5.25 show the performances of the Split-CAF GLRT, Split-CAF Low
Complexity, Split-CAF Spatial Sign and Split-CAF Quantised detectors for various different
CFOs. In all cases, it is assumed that the value of CFO remains constant over the duration of
the detector observation interval. The offsets range from 0Hz (no offset) to 600kHz in increments
of 50kHz. Again, the test signal is IEEE 802.11a/g, N = 1600, P, = 0.1 and the background
noise is AWGN.
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Figure 5.22: P; vs. SNR Split-CAF GLRT for Different Frequency Offsets
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Figure 5.23: P; vs. SNR Split-CAF Low Complexity for Different Frequency Offsets
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Figure 5.24: P; vs. SNR Split-CAF Spatial Sign for Different Frequency Offsets
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P q Vs SNR S-C Quantised Different Frequency Offsets
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Figure 5.25: P; vs. SNR Split-CAF Quantised for Different Frequency Offsets

It is clear from the simulations, that there is no deviation in performance associated with the
different frequency offsets. Therefore, no prior frequency synchronisation stage is required to
use the proposed detectors. This is clearly very advantageous, as building in a frequency syn-
chronisation stage would add unwanted complexity to the detection process.

In order to understand the reason that the proposed algorithms are resistant to the effects of
CFO, it is necessary to examine the performances of Ty in (5.27) and Tp in (5.28) for different
frequency offsets. Recall that both of these test statistics were summed together to form a final
test statistic for the Split-CAF GLRT detector. Figure 5.26 shows P; vs. SNR for Tr across a
range of frequency offsets. Similarly, Figure 5.27 shows TQ for the same offsets. Referring to
Figure 5.27, it can be seen that in the ideal AWGN channel (i.e. with 0 Hz) offset, Py = Py, for
all tested SNRs. This indicates that the mean of Qxyx (5.6) does not change from zero when the
signal is present, indicating that there is no detectable periodicity in the imaginary part of the
autocorrelation lag product. Therefore, Qxx has a value of zero under both hypotheses and TQ
is always equal to a value drawn from the x3 distribution. This proves that TQ cannot be used
as a detector. Conversely, the real part of the autocorrelation lag product is periodic when the
signal is present. Therefore, the performance improvement provided by the Split-CAF GLRT
over the GLRT is attributable only to Ty. This improvement in performance is due to the fact

that 17 actually discards the imaginary part of the autocorrelation lag product, which
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Figure 5.27: Py vs. SNR TQ for Different Frequency Offsets

is effectively a noise term and reduces the strength of the correlation with the cyclic frequency.
However, it can be observed from Figure 5.26, that the performance of Ty varies depending on the

frequency offset. For example, for an offset of 550kHz, the performance of Ty is degraded severely.
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At the same offset, T, @ shows excellent performance. As established previously and shown in
Figure 5.27, the periodicity cannot be detected in the imaginary part of the autocorrelation lag
product when no frequency offset exists. Therefore, it is clear that the frequency offset causes a
distortion which leads to the unnatural appearance of periodicity in the imaginary part of the
autocorrelation lag product.

In order to understand the nature of this distortion, a mathematical analysis is required. Note
that this analysis will also include a carrier phase offset, which is likely to exist along with the
frequency offset. Again, it will be assumed that the frequency and phase offsets remain constant
for the duration of the detector observation interval. In the presence of both impairments, the

received signal can be expressed as,
x[n]e 2T A M= (5.62)

where x[n] denotes the complex data, Af is the normalised frequency offset, n is the sample

index and 6 is the phase offset. It follows that the autocorrelation lag product is given by,
z[n)e 72 A0 [ — p)ed 2T A (V) gd0 (5.63)
which can be rewritten as,

x[n]x* [n o V]67j27TAfn€j27rAfnefj27rAfV67j06j0' (564)

This can be simplified to give,

z[n]a*[n — v]e IFTAIY (5.65)

It is clear that the carrier phase offset has no effect on the autocorrelation lag product. However,
the frequency offset introduces a phase distortion that is dependent on Af and v. With a
frequency offset, the real and imaginary parts of the autocorrelation lag product can be expressed
as,

zr[n] = xp[n]cos(2m A fv) + xi[n]sin(2rAfv),

(5.66)
ziln] = —z,[n]sin(2rA fv) + xi[n]cos(2r A fv),

where z,.[n] and z;[n] are the real and imaginary parts of the autocorrelation lag product with a

frequency offset and z,[n] and z;[n| are the real and imaginary parts with no offset. Therefore,
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zr[n] and z[n] consist of both z,[n] and x;[n] terms, and the contribution of each term is
dependent on Af.

In order to illustrate the effects of this distortion with an example, consider values of 27 A fv
that cause cos(2nAfv) to equal 0 and sin(27Afr) to equal 1 or -1. The first of these is a phase
shift of /2 and the value of Af which causes this phase shift can be determined by solving,

/2
2y

Af = (5.67)

With v = 64, this phase shift is caused by a frequency offset equal to 1/4 of the OFDM sub-
carrier spacing. This condition will also be true for all phase shifts that are odd multiples of
7/2, which corresponds to all offsets that are odd multiples of 1/4 of a sub-carrier spacing i.e.

3/4, 5/4, 7/4 etc. In each of these cases, (5.66) reduces to,

zp[n] = £x4[n], (5.68)
zi[n] = £z, [n].

Therefore, for these frequency offsets, the phase distortion causes the real and imaginary parts
of the autocorrelation lag product to swap places. This example serves to illustrate the reason
that periodicity can be observed in the imaginary part of the autocorrelation lag product when
a frequency offset is present in the system. Note that an offset of 7/4 of the sub-carrier spacing
is equivalent to 546.875k H z. Clearly, this value is very close to 550k H z, which explains why the
performance of Ty is degraded severely for this frequency offset, as seen in Figure 5.26.

To conclude this analysis, the improved performance of the Split-CAF GLRT is attributable
to 7. This improvement occurs because Ty discards the imaginary part of the autocorrelation lag
product, which is effectively a noise term. However, owing to the phase distortion introduced by
CFO, T; cannot be used without a prior frequency synchronisation stage. Therefore, combining
both T} and TQ as for the Split-CAF GLRT provides a performance enhancement over the GLRT
detector, while simultaneously providing immunity to CFO. Note that the Split-CAF GLRT will
exhibit a slightly reduced performance when compared to 77 with no offset, due to the fact that
it is formed by adding TQ, which leads to a higher overall threshold. This analysis can equally
be used to explain the improved performance of the Split-CAF Low Complexity and Split-CAF

Spatial Sign detectors over their CAF counterparts.
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5.5 Chapter Summary

In conclusion, this chapter has introduced a novel method whereby the traditional CAF is
replaced by the computation of two parallel component CAFs, whose arguments are the real and
imaginary parts of the autocorrelation lag product. The component CAFs are used to compute
two test statistics, that are summed together to form a final test statistic. This approach has
been used to derive re-formulated versions of the GLRT, Low Complexity and Spatial Sign
detectors introduced in Chapter 4. It has also been used in the derivation of a new test statistic
that exploits the cyclostationarity of the OFDM signal after it has been quantised. It was found
that the Split-CAF GLRT, Split-CAF Low Complexity and Split-CAF Spatial Sign detectors
outperformed their traditional counterparts in the detection of both IEEE802.11a/g and DVB-T
OFDM signals, in AWGN and impulsive noise channels.

It was determined that the best performance in an AWGN channel was achieved using either
the Split-CAF GLRT or the Split-CAF Low Complexity detectors. The best performance in
contaminated Gaussian impulsive noise was achieved by the Split-CAF Spatial Sign detector.
Finally, the best performance in Cauchy impulsive noise was achieved by the Split-CAF Quan-
tised detector. When considering performance in both AWGN and impulsive noise channels,
it was clear that the most robust solution is the proposed Split-CAF Spatial Sign detector.
Furthermore, it was found that the detectors can perform robustly in multipath channels and
in the presence of CFO. It was established that using the Split-CAF approach is the only way
to guarantee improved performance over traditional CAF based methods, while simultaneously
guaranteeing robust performance in the presence of CFO. However, it was found that their per-
formance in multipath channels is sensitive to increasing delay spread and decreasing coherence

times.
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Chapter 6

FPGA Targeting of Cyclostationary

Feature Detectors

In this chapter, the cyclostationary feature detection algorithms discussed in the previous chap-
ters are implemented in HDL Coder and targeted to a Xilinx 7 Series FPGA. The chapter begins
by introducing HDL Coder and Vivado, which are used for FPGA targeting. HDL Coder is a
tool in MATLAB that enables conversion of high-level MATLAB/Simulink models to synthe-
sisable HDL code (VHDL and Verilog) for programming of FPGAs. Vivado is a software suite
that is used to perform the synthesis and implementation stages in the FPGA design flow, and
for the analysis of important design metrics such as resource utilisation and achievable clock
frequency.

The main contribution of this chapter is the design and analysis of FPGA implementations
of the cyclostationary detection algorithms discussed in Chapter 4 and 5. Having reviewed the
details of the implementation of each of the algorithms in HDL Coder, an analysis is provided
of their relative costs in terms of low level resources when targeting a Xilinx 7 Series FPGA.
From a design perspective, a major goal is ensuring that hardware cost is minimised as much
as possible. With this in mind, two design choices are recommended for implementation of the
detection algorithms. Firstly, it is suggested that the FPGA design technique of multi-channel
hardware sharing is applied when implementing the proposed detectors in Chapter 5, in order to
ensure that hardware resources are not used unnecessarily. Secondly, it is recommended that a
simple mathematical re-arrangement is applied to test statistics that are expressed as a fraction,

which renders the division operation redundant.
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6.1 HDL Coder

In earlier versions of the software, MATLAB could only be used for the initial simulation process.
However, with the introduction of tools such as MATLAB Coder [91] and HDL Coder [23], it
is now possible to generate deployable code, including software code and HDL from high level
MATLAB and Simulink models.

The HDL Coder tool allows a subset of MATLAB and Simulink functionality to be converted
to VHDL and Verilog code that can then be targeted to FPGAs. Although both MATLAB code
and Simulink models can be used to generate HDL, focus will be placed exclusively on Simulink
in this chapter. Furthermore, only VHDL code will be generated and Xilinx FPGAs will be
targeted.

The HDL Coder block library consists of blocks drawn from the Simulink library, the Commu-
nications System toolbox, the DSP System toolbox and Stateflow. More recently, functionality
has been added for computer vision applications. It also includes more generic HDL blocks
such as Single and Dual Port RAM blocks, and FIFOs. HDL Coder also provides several HDL
optimized blocks for fundamental signal processing functionality, such as a polyphase FIR block
enabling fractional sampling rate conversion, a Numerically Controlled Oscillator (NCO) block
for synthesis of sine and cosine waves, and a CORDIC block operating in vectoring mode for
calculation of the magnitude and angle of a complex number. The process for developing an

HDL Coder model in Simulink that is employed in this Chapter is illustrated in Figure 6.1.
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Develop Simulink
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pipeline registers
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Generate VHDL Code
from HDL Coder Model

Figure 6.1: Illustration of HDL Coder Design flow

The algorithm is first designed in Simulink with a hierarchical structure using only blocks avail-
able in the HDL Coder block library. The design hierarchy is delineated using subsystem blocks
in Simulink. The top-level subsystem block corresponds to the top-level entity of the VHDL
design and any subsystems within the top-level subsystem correspond to the components of the
top-level design. The inputs and outputs of the subsystem correspond to ports in VHDL. The
clock signal is derived from the fastest rate in the model. If multiple rates exist in the design,
HDL Coder has two clocking modes available. The first method admits a single master clock to
the top-level entity that is based on the fastest rate in the model, and the clocks required for the
slower rates are derived from the master clock using clock enables. The second method creates
a set of clock inputs to the top-level entity, where each clock corresponds to a different rate in
the HDL Coder model. By default, HDL Coder employs the first method if multiple rates exist
in the model.

The next stage is the manual setting of fixed point wordlengths throughout the HDL Coder
model. In DSP applications, samples are expressed using a finite precision binary representation.
In FPGAS, the convention is to use fixed point binary numbers due to the fact that they are less

computationally intensive to handle than floating point binary numbers. In creating an FPGA
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design using fixed point arithmetic, a trade-off exists between achieving sufficient precision
and accuracy and controlling hardware cost. A greater precision is achieved by using longer
wordlengths, but this leads to a larger overall hardware cost. Therefore, it is important to
bear this in mind when choosing wordlengths at the various stages of an FPGA design. When
discussing fixed point wordlengths, it is instructive to use the MATLAB/Simulink notation
which is as follows,

(sign, WL, FL). (6.1)

The sign argument specifies whether the number is signed or unsigned, WL specifies the total
wordlength and FL specifies the fractional wordlength. For example, (1,16,14) specifies a 16 bit
signed number with 2 integer bits and 14 fractional bits.

In synchronous operation, all operations in an FPGA design are synchronised to a clock sig-
nal. Having a higher achievable clock signal frequency is desirable as it means that higher input
sampling frequencies can be handled. Furthermore, ensuring that a design can be clocked at a
higher frequency than the required input sampling rate can be useful for enabling time sharing
of hardware, which can lead to a reduction in the resource cost of a particular implementation.
The maximum achievable clock frequency of a design is dictated by the critical path. This is
defined as the longest combinatorial path between clocked elements in the design, i.e FFs and is
characterised by the critical path delay. The critical path delay is composed of the combinatorial

delay and the routing delay and is related to the maximum clock frequency of a design as

fmaa: = i, (62)

Tep

where fpq; is the maximum clock frequency and 7., is the critical path delay. In order to
minimise the critical path delay and thus increase the maximum achievable clock frequency,
the technique of pipelining is employed, where registers are placed between elements in the
processing chain. This process is conducted in accordance with the rules of cut set re-timing
theory. HDL Coder has the facility to enable automatic insertion of pipeline registers. However,
this will be done manually for all designs in this chapter in order to retain explicit control of
the HDL design.

Having completed the previous two design stages in Figure 6.1, the final stage of the HDL
Coder process is to generate the VHDL Code from the Simulink model. This is achieved by
calling the function makehd! in MATLAB with the name of the top-level subsystem as an input.
An alternative is to use the HDL Workflow Advisor Graphical User interface (GUI). As a matter
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of preference, the makehdl function is employed in this chapter. The generated HDL can then
be exported for synthesis and implementation using an FPGA design tool such as Vivado [92].
Other competing high level tools for HDL Code generation include Xilinx System Generator
(which comes as an add-on to Simulink), and Vivado HLS which enables code written in C,

C++ and SystemC to be converted to VHDL and Verilog.

6.2 Vivado

Vivado is an Integrated Development Environment (IDE) for FPGA design that allows develop-
ers to synthesise and implement HDL code for targeting of Xilinx-7 series and Ultrascale FPGAs,
as well as facilities to design systems for SoC devices such as the Zyng-7000 and Zynq Ultrascale
+ devices. Vivado replaced Xilinx ISE and includes an in built HDL simulator and new features
such as Vivado HLS and Vivado IP integrator. The Vivado design flow as employed in this thesis
is illustrated in Figure 6.2. The first stage of the process is to create a new project in Vivado.
This is followed by adding the VHDL source files that were generated in HDL Coder. The third
stage is to add a Xilinx Design Constraints (XDC) file that is defined using the TCL command
tool language. Constraints are required in order for Vivado to produce an implementation that
meets the various requirements of a given design. Of particular interest is the timing constraint,
which is added to ensure that a design can meet a defined target clock frequency. Having added
the constraints, the synthesis and implementation processes are carried out and a bitstream is
obtained for programming of the FPGA. For all of the designs discussed in this chapter, steps
1 to 6 will be followed and the resource utilisation reports will be analysed in order to compare

the relative costs of the various cyclostationary detection algorithms.
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1 : Create New Vivado Project

2 Add VHDL Source Files (from
HDL Coder)

3 Add Xilinx Design Constraints
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l
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Artix-7, Kintex-7 etc.)

l

5 Run Synthesis
- . Analysis of Resource Utilisation
Run Impl tat.
6 tn implementation — and Timing Reports
7 Obtain bitstream for
programming of FPGA

Figure 6.2: Illustration of Vivado Design Flow

6.3 Multi-Channel Hardware Sharing

In this section, a short review of of multi-channel time sharing of FPGA hardware will be
provided, as this will become a central component of the implementation of the proposed Split-
CAF cyclostationary detection algorithms introduced in Chapter 5. The concept of multi-
channel hardware sharing is borne out of a desire to minimise the hardware cost of FPGA designs
that involve applying the same signal processing hardware to multiple input data streams.

In order to illustrate this concept, consider an example where there are two parallel input

data streams, each of which must be passed through the same FIR filter as shown in Figure 6.3.
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Channel 1  s— FIR Filter 1 — Qutput 1

Channel 2 = FIR Filter 2 — Qutput 2

Figure 6.3: Example of multiple independent signal processing channels

The data stream on each of the independent channels is processed using the same FIR filter.
Therefore, the resource cost of the total design is equivalent to two times the cost of a single
FIR filter. As the number of channels increases, the cost of implementing multiple instances of
the same FIR filter may become prohibitively expensive. With this in mind, it is instructive
to consider how to design the hardware such that a single instance of the FIR filter can be
shared between each of the input channels, making the hardware cost equivalent to one FIR
filter instead of two.

In order to achieve this, a fundamental element of cut set timing theory, time scaling, can
be exploited. The time scaling operation involves scaling each of the delay elements in a signal
processing block by a positive integer factor b. In the z-domain, applying a time scaling of b

clock cycles to a delay of of one clock cycle results in a delay equal to
z70. (6.3)

Figure 6.4 shows the Signal Flow Graph (SFG) for a parallel FIR filter with four coefficients.

In the standard formulation, each of the delays in the filter is equal to z~!.
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Now consider that each of the delay elements in a standard parallel FIR filter are scaled by a

factor of b = 2, as illustrated in Figure 6.5.
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Figure 6.5: Standard FIR filter with time scaling by factor b = 2

Having applied the time scaling, the functionality of the FIR filter is changed. In order for the
functionality of the time scaled filter to match the original filter, it is necessary to up sample
the input to the time scaled filter by a factor of two, such that only every second input sample
has a non-zero value. This means that the filter is running at two times the original sampling
rate and is wastefully processing zero valued samples. However, returning to the multi-channel
processing example, it can be used to 100% efficiency by replacing the zero samples with the
data on a second independent channel. The channels are multiplexed into a single data stream
with a rate of two times the input rate of each of the independent channels. The data is then
passed into the filter with time scaling applied and the resulting data is de-multiplexed in order
to recover the original independent channels. Using this configuration, it is possible to perform
the filtering on each channel using a single FIR filter. The cost of achieving this is that the filter
hardware must run at two times the input sample rate and all delays must be scaled by a factor
of two.

In the general case, any hardware can be shared using this approach, by multiplexing the
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input channels into a single higher rate data stream and scaling all delays in the shared hardware
by a factor equal to the number of input channels. As mentioned earlier, this approach will be
a key element of the implementation of the Split-CAF cyclostationary detectors introduced in

Chapter 5.

6.4 Implementation of Cyclostationary Detectors

Having introduced necessary background information in the previous sections, it is now time to
consider the HDL Coder implementation of the cyclostationary detection algorithms described
in Chapters 4 and 5. The details of the implementation of each algorithm in HDL Coder will
be provided and their relative resource costs will be assessed by following the steps shown in
Figure 6.2. The target device is a Xilinx Artix-7 xc7al100t csg324-1 FPGA. The test signal is
an IEEE 802.11a/g OFDM signal and the observation interval for each of the detectors is N =
1600 with Pg, = 0.1.

6.4.1 GLRT Detector

In this section, details of the implementation of the GLRT detector in Section 4.5 will be pro-
vided. It is assumed that the real and imaginary parts of the data entering the HDL detector
from the Analogue to Digital Converter (ADC) are 12 bit signed fixed-point numbers giving a
total representable range of -2048 to 2047. This input wordlength will be assumed for all subse-

quent detectors. The final test statistic for the GLRT detector is repeated here for convenience:

V)P EIX?] — 2R, (1) (S, W) E[XY ]

Tarrr = N N 6.4
o X7BY?] - (BIXY])? o
Each of the individual elements of (6.4) are calculated as follows,
N-1 .
E[X] = R(R, W) = + D Rla[n]a*[n - v]e 7m), (6.5)
n=0
| N1 A
E[Y] =SR] = 2 S(aln]a"[n — vje ), (6.6)
n=0
1= 2
21 * —j2man
BIX?) = & nzo R(z[n]z*[n — v]e 72, (6.7)
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N—
A 1 . »
E[XY] = =N Z *In — v]e 72O S(x[n)z*[n — v]eI2TOn), (6.8)
n=0
Z “[n — v]e T2y, (6.9)
N
The full implementation of the GLRT detector in HDL Coder is shown in Figure 6.6.
Cyc_Freq NCO | (1,16,14) (1,25,0) (1,20,0)
NCOIn Ex » ExIn
(1,12.0) ProdOut datin (0,43,0)
y2 Ey2In
datalnAC dataOutAC NCO_dataln
(1,20,0) (1,84,0)
dataln AutoCorr (1.25,0) NCO_prod Ey| Eyln  Numout NumCmp
Ex2 ‘ (0559 Ex2In
-3 o 72 , X >
’ Rstout}—bl z° a4 Rstin ‘ (141,0)
RstCtriGen Delay2 Delay3 Exy Exyin
TermCalc NumCalc
Ex2_In (1,86,0)
’—>DenCmp Dec—~(1)
Ey2_In Denout DecOut
Exy_In
DenCalc
> Z'4 "zd cntrlin
Delay1 Delay5

Figure 6.6: HDL Coder Implementation of GLRT Detector

Decision

The design consists of eight main entities: AutoCorr, CycFregNCO, NCOprod, RstCtriGen,

TermCalc, NumCale, DenCalc and Decision. The AutoCorr entity deals with computation

of the autocorrelation lag product z[n]z*[n — v]. This requires a delay, a complex conjugate

operation and a complex multiplier. The HDL Coder implementation of this entity is shown

in Figure 6.7. Note that the delay is equal to 64, as the test signal is IEEE 802.11a/g OFDM.

The fixed point wordlengths at each stage of the model are highlighted in red and follow the

format in (6.1). The blue delay blocks are pipeline registers that have been added to the model

manually.
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(1,12,0) (1,25,0)
1 J z1 Ain ’—1‘
datalnAC Delay1 L o1 _ Reslt ra 1
4 —-El—>3m Delay2 dataOutAC
Delay Conj Comp_mult

Figure 6.7: AutoCorr entity in HDL Coder
The multiplication of two complex numbers a + jb and ¢ + jd is given by the following,
(a+ jb) x (¢ + jd) = (ac — bd) + j(bc + ad). (6.10)

Therefore, a complex multiplication requires four real multiplies and two additions. The imple-
mentation of the complex multiplication which resides in the NCOprod entity is shown in Figure

6.8.

-1
(1,12,0) fR° = 71
A)— Delay
Ain Delay4
\Im ! Product Lzt
Delay1 L j Delay8
Complex to ) 1
Real-imag z Add1 (1,25,0)
Delay5 Re
Product1 _\— (1)
Re| z1 Im —/_ Reslt
(1,12,0) f i 21
Delay2 Real-Imag to
Bin \ 1 Delay6 '— Complex
Im z Product2 Pl
Delay3 .
Complex to y Delay9
Real-Imag1 P Add2
Delay7
Product3

Figure 6.8: Implementation of NCOprod entity in HDL Coder

The CycFregNCO entity generates a complex exponential at the desired cyclic frequency of «y
= 1/80 using the NCO HDL Optimized block shown in Figure 6.9.
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(1,16,14)
exp u (1)

NCO : NCOOut

HDL Optimized Conj
Latency=6
vaIidOut
Terminator

NCO

HDL Optimized

Figure 6.9: Implementation of Complex Exponential using NCO HDL Optimized Block

The output of the NCO block is complex conjugated in order to generate a complex exponential

of the form,

e~I2ma, (6.11)

The block requires a value to be specified for the NCO step-size, which is calculated using the

following equation,
M
=l (6.12)
[s

where pu is the step-size, M is the number of entries in the NCO LUT and f; is the desired

frequency, i.e. the cyclic frequency of the IEEE 802.11a/g signal in Hz. The NCOprod entity
consists of a complex multiplier implemented exactly the same as Figure 6.8, which multiplies

the autocorrelation lag product and the complex exponential to produce,
z[n]a*[n — v]e I, (6.13)

The output wordlength of this multiplication is set to (1,25,0). Having calculated (6.13), it is
possible to calculate each of the terms in (6.5) - (6.9). These are computed in the TermCalc

entity as shown in Figure 6.10.
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Figure 6.10: Implementation of TermCalc entity in HDL Coder

The AVG blocks are integrators which are reset at the end of every block of N samples, when
the test statistic is calculated. The implementation of the AV G blocks in HDL Coder is shown

in Figure 6.11.

Z-1
Delay J z1 ‘ -K- 1
= ‘ AvgOut
Delay4 Gain
D z1
Avgln Delay1 Add
€3 z! e -
RstCtrlin . ‘
Delay2 Logical
Operator
-1
0 z —
Constant Delay3
Switch

Figure 6.11: Implementation of AVG blocks in HDL Coder

The integrator reset is generated in the RstCtriGen entity, which consists of a counter that
repeatedly counts from 1 to N. When the counter reaches N, a strobe is generated which is

used to reset the integrator. Having calculated the terms in (6.5) - (6.9), both the numerator
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and denominator terms of (6.4) can be calculated. The numerator is calculated inside NumCalc

as shown in Figure 6.12. Similarly, the denominator of (6.4) is estimated in DenCalc as shown

in Figure 6.13.
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Figure 6.12: Implementation of NumCalc entity in HDL Coder
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Figure 6.13: Implementation of DenCalc entity in HDL Coder

Having estimated the numerator and denominator of (6.4), the last step is to perform a division.

However, as mentioned in the author’s paper [2], the division can be avoided by applying a

simple mathematical re-arrangement. If the numerator is denoted as Num and the denominator
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as Den, then the decision operation can be implemented as,
Num > Den n, (6.14)

where 7 is the threshold. The division has been replaced by a constant scaling, which is a far
simpler calculation. Figure 6.14 compares P; vs. SNR curves for the original GLRT in (6.4)
and with the re-arrangement (6.14) applied.

Pd vs. SNR Original GLRT and with re-arrangement applied
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Figure 6.14: Py vs. SNR for Original GLRT and with re-arrangement applied

It can be observed that the performance matches closely, thus justifying the proposed re-
arrangement of the test statistic. The implementation of the Decision entity is shown in Figure

6.15.
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Figure 6.15: Implementation of Decision entity in HDL Coder

The first part of this entity consists of latches which record the numerator and denominator
values at the end of each block of N samples. The signal used to latch the numerator and
denominator values is the same strobe used to reset the integrators in the AVG blocks. In the
top branch, the gain block implements the scaling by N and, on the lower branch, the right hand
side of (6.14) is calculated. Finally, both branches are compared using a relational operator to

decide if a signal is present or not.

6.4.2 Low Complexity Detector

In this section, the implementation of the Low Complexity detector in Chapter 4 will be de-

scribed. The final test statistic is:

N, [V

S

‘ 2

Tre (6.15)

Figure 6.16 shows the implementation of the Low Complexity detector in HDL Coder.
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Figure 6.16: HDL Coder Implementation of Low Complexity Detector

The design consists of five main entities: AutoCorr, RstCtriGen, Numerator, Denominator and
Decision. The AutoCorr entity is implemented exactly the same as it was for the GLRT detector
as shown in Figure 6.7. Similarly, the RstCtriGen entity consists of a counter which counts
repeatedly to N, and when this value is reached, a strobe is emitted and used for resetting
the integrators and latching the numerator and denominator values in the Decision entity. The
Numerator entity which computes the numerator of (6.15)- excluding the scaling by N - is shown

in Figure 6.17.

(1,16,14)
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NCOIn (1,25,0)
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D NCO_dataln (1,25,0) (0,51,0)
Numlin
NCOprod AvgOut Absin AbsOut————(_ 1 )
NumOut
2 z2 RstCtriin Abs2
Ctrlin Delay

AVG

Figure 6.17: Implementation of Numerator entity for Low Complexity detector in HDL Coder

The NCOprod, CycFregqNCO and AVG blocks are implemented as shown in Figures 6.8, 6.9 and

6.11. The Abs2 entity is implemented as shown in Figure 6.18.
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Figure 6.18: Implementation of Abs2 entity for Low Complexity detector in HDL Coder

This requires two product blocks to square the real and imaginary parts of the complex signal
and an add block to sum the results. The Denominator entity, which computes the denominator

of (6.15), is shown in Figure 6.19.
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2 z2 RstCtrlin Delay1
=
RstDenln Delay
AVG

Figure 6.19: Implementation of Denominator entity for Low Complexity detector in HDL Coder

This consists of an Abs2 block and an AVG block, which are implemented as shown in Figures
6.18 and 6.11. The final stage is the Decision entity. This is implemented the same as Figure
6.15 except the threshold is n = 2.3026, since the Low Complexity detector follows a I'(1,1)

distribution under the null hypothesis.

6.4.3 Spatial Sign Detector

The final test statistic for the Spatial Sign detector is:
. . 2
Tys = N)Rgs M) . (6.16)

The full implementation of the Spatial Sign detector is shown in Figure 6.20.
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Figure 6.20: Implementation of Spatial Sign Detector in HDL Coder

In this implementation, there are six main entities: CORDICatan, SinCos, AutoCorr, Numera-
tor, RstCtrlGen and Decision. The AutoCorr and Numerator entities are implemented as shown
in Figures 6.7 and 6.17 respectively except that the wordlengths are different. The Decision en-

tity is implemented as shown in Figure 6.21.

AD>————u
NumCmp 1

Sy K-

¥ 4
&> E Gain > —(1)
Enblin 23026 Dec_Out

Unit Delay Constant
Enabled Relational

Operator
Figure 6.21: Implementation of Decision entity for Spatial Sign Detector
This is implemented slightly differently than the previous Decision modules since there is no

denominator and, therefore, the test statistic is compared directly to the threshold. The Spatial

Sign function is calculated by first computing the angle ¢ of the complex input data,

¢ = tcm_l(\s ° (6.17)

where z[n| is the complex input signal. This calculation is performed inside the CORDICatan

entity which contains a Complex to Magnitude-Angle HDL Optimized block as shown in Figure
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Figure 6.22: Implementation of CORDICatan entity in HDL Coder

This block calculates the magnitude and angle (6.17) of a complex input signal using the
CORDIC algorithm [93], operating in vectoring mode. Note that only the angle output is
retained, as the magnitude is not required for this algorithm. In this implementation, the num-
ber of iterations is set equal to 10 and the output angles are in the range (—m, ) radians. This
generates a total of 12 cycles of latency in the final implementation. The next stage in the

spatial sign function is to compute the complex exponential,
eI? = cos(p) + jsin(¢p). (6.18)

This is achieved using CORDIC operating in rotation mode, which is implemented in the SinCos
entity as shown in Figure 6.23. The calculation of the complex exponential has been implemented
using a trigonometric function block, which can be specified to use CORDIC in rotation mode
when it is targeted to an FPGA. The “UsePipelinedKernel” option in HDL Block options is
selected to ensure that pipeline registers are placed in between each CORDIC cell. In this
implementation, a total of 8 stages of CORDIC are employed. This generates a total of 9 cycles

of latency in the final implementation.

(1,15,12) (1,15,13)
: CORDIC :
. cos + jsin
Angle_in exp_out
Trigonometric
Function

Figure 6.23: Implementation of SinCos entity in HDL Coder
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6.4.4 Split-CAF GLRT Detector

In this section, the implementation of the Split-CAF GLRT detector will be described. Recall
that the Split-CAF GLRT detector works by computing parallel test statistics using the two

components of the traditional CAF,
RS, W] = I3, [v] + j Q5. [v]- (6.19)

The test statistic computed for 1%,[1] is,

(R WD) ENF] + (SU, WD) EIXF] — 2R(15, V) (S U, V) E[X1 V7]

e SIXFIER7] (B2 oo
Similarly, the test statistic for Q2,[v] is,
o = RQEDPEIE] + (S PEIXE] — 2RQLN @) EXaYel o
E[X3IENG] - (E[XQYql)?
The final test statistic combines (6.20) and (6.21) as follows,
Tsc—GLRT = NNIDQ - NQD[. (6.22)

DrDq

where Ny and Dy are the numerator and denominator of (6.20) and Ng and D¢ are the nu-

merator and denominator of (6.21). The elements of each of these test statistics are calculated

as, A 1 Nt |
R(Le]) = 5 2 R(R(z[n]a™[n — v])eI2mam), (6.23)
n=0
. 1 N1 .
S(Lalv)) =« 2 S(R(z[n]2™[n — v])e 72mem), (6.24)
n=0
1 N-1 ‘
W@zl = 5 2 R(S(zn]a™n ~ v])eI?mem), (6.25)
n=0
. 1 N .
HQrlr]) =« 2 S(S(aln]2[n ~ v])e 72mem) (6.26)
n=0
. 1 Nt . )
E[X? = v > R(R(zn)a*[n — v])e ™M), (6.27)
n=0
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N-1
EIXYi] = B[ViX/] = % . R(R(z[n]z*[n — v])e 72" (R(z[n]z*[n — v])e 72™*™), (6.28)
A L N | )
ElY7] = N 2 S(R(z[n]z*[n — v])eI2mm)" (6.29)
L Nl | ,
B[X3] = N & R(S(x[n]z*[n — v])e 72" (6.30)
) R L N1 | |
E[XqYa) = BlYoXql = > R(S(alnla’[n — v])e ") S(S(aln]a* [n — v])e 727"),
- (6.31)
A L Nl | )
E[YQQ] =N 2 I(S(z[n]z*[n — v])e 727, (6.32)

In order to simplify the computation, it is proposed that we assume that D; ~ Dg. This reduces

the final test statistic to,

Ny + NQ
9y

o (6.33)

Tsc—qLrr = N

and removes the multiplications in (6.22). Figure 6.24 compares the P; vs. SNR curves for the

test statistics in (6.22) and (6.33).
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Figure 6.24: Performance comparison of original and modified Split-CAF GLRT test statistics

It can be observed that the performance curves match very closely, indicating that no significant
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performance penalty is incurred by adopting the simplified test statistic in (6.33). The final
implementation of the Split-CAF GLRT detector in HDL Coder is shown in Figure 6.25.
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dataln AutoC Multipl
utoCorr ultiplex DecOut| (1)
(1,86,0) dataOut
] Strobeln DenReOut » DenReln
2
[7]
(14
£ TestCalc
) Ctrl
K rin
z3 2
RstCtriGen Delay3 Delay1 Decision

Figure 6.25: Implementation of Split-CAF GLRT Detector in HDL Coder

This architecture consists of seven main entities: AutoCorr, Multiplexr, CycFregqNCO, RstCtrl-
Gen, Rpt, TestCalc and Decision. The AutoCorr, CycFreqNCO and RstCtrlGen entities are
implemented exactly the same as for the GLRT detector in Section 6.4.1. It can be observed
from equations (6.23) - (6.32) that the test statistics in (6.20) and (6.21) are computed in an
identical manner. The only difference is that (6.20) uses the real part of the autocorrelation lag
product and (6.21) uses the imaginary part. Therefore, the hardware required to compute each
test statistic can be shared using the approach described in Section 6.3. In this case, there are
two independent data streams, requiring the shared hardware to run at twice the input sample
rate and all delays to be scaled by a factor of two. The two independent channels are multiplexed

into a single data stream in the Multiplex entity which is shown in Figure 6.26.
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Figure 6.26: Implementation of Multiplex entity in HDL Coder

The autocorrelation lag product is first split into its real and imaginary parts and each signal
is repeated by a factor of two. The two streams are then passed as the inputs to a multiplexer
which alternately chooses between each of its inputs in step with a clock signal, operating at
twice the input sampling rate. The clock signal is generated using a counter which counts from 1
to 0 repeatedly and the output of the counter is converted to a boolean signal using a data type
conversion block. Therefore, the output of the circuit is a single data stream, which consists of
the real and imaginary signals interleaved together. This allows a single instance of the hardware
to process both the real and imaginary parts of the autocorrelation lag product and thus avoids
the need to repeat the hardware twice. Note that the NCO output and the reset signal must
also run at twice the input rate and, therefore, they are passed through the Rpt entity, which
contains a repeat block. Figure 6.27 shows the shared hardware which is implemented inside

the TestCalc entity.
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Figure 6.27: Implementation of TestCalc entity in HDL Coder

The NCOprod entity is implemented slightly differently than previously since it no longer requires
a complex multiplier of the form shown in Figure 6.8. This is because the complex exponential
is now scaled by a real value instead of a complex value and, thus, only two real multipliers
are required instead of four. The TermCalc, NumCalc and DenCalc entities are implemented
as shown in Figures 6.10, 6.12 and 6.13. The only difference is that all delay blocks are scaled
by a factor of two in accordance with the rules for multi-channel hardware sharing. Finally, the
outputs of the NumCalc and DenCalc entities are passed to a demultiplexing circuit in order to
recover Ny, Ng and D;. Notice that Dg is terminated since it is not required for the calculation

in (6.33). The implementation of the demultiplexing circuit is shown in Figure 6.28.

«» "

1
- N 2 >
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Figure 6.28: Implementation of DeMUX entity in HDL Coder

In the first DeMUX entity, the top branch latches the numerator for the test statistic employing

the real part of the autocorrelation lag product and the bottom branch latches the numerator
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for the test statistic using the imaginary part. This de-interleaves the single data stream back
into two independent streams. These are then down sampled by a factor of two in order to
return them to the original sampling rate. The final stage is to compute the test statistic in

(6.33), which is carried out inside the Decision entity as shown in Figure 6.29.
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C2)>——F——uy > (1)
Unit Delay >
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u q R
DenReln Y " . elationa
| WE Z Operator
Unit Delay Product
@ Enabled3 7.7794
Ctrin Constant

Figure 6.29: Implementation of Decision entity in HDL Coder

As was the case for the GLRT and Low Complexity detectors, the proposed mathematical
re-arrangement in (6.14) is applied in order to avoid the division operation.
6.4.5 Split-CAF Low Complexity Detector

The final test statistic for this detector is:

~ 2 N 2
N7z + Q]

LN e - v]|*

Tso_rc = (6.34)

The implementation of this detector in HDL coder is shown in Figure 6.30.
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Figure 6.30: Implementation of Split-CAF Low Complexity detector in HDL Coder

This design consists of eight main entities: AutoCorr, Multiplex, CycFreqNCO, Rpt, RstCtriGen,
Numerator, Denominator and Decision. As with the Split-CAF GLRT detector, the hardware
required to compute the numerator terms in (6.34) can be shared between the real and imaginary
parts of the autocorrelation lag product. Therefore, implementing two instances of the Numera-
tor entity is unnecessary. The AutoCorr, CycFregqNCO, RstCtriGen, Rpt and Multiplex entities
are implemented in the same manner as previously. The Numerator entity is implemented the
same as in Figure 6.17. However, the CycFregNCO is not included as this is not part of the
shared hardware. Also, the NCOprod entity only requires two real multipliers instead of four

N 2 N 2
and a DeMUX entity is included in order to recover both |13, [1/]) and ‘ng[y]‘ . The Denom-

inator entity is implemented the same as shown in Figure 6.19. Finally, the Decision entity
is implemented as shown in Figure 6.29, with a threshold of n = 1.9449 as the test statistic is
I'(2,0.5) distributed under the null hypothesis.
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6.4.6 Split-CAF Spatial Sign Detector

The final test statistic is:

N o 2 N 2
Tsc-ss = N(IL 0| +|Qal] ). (6.35)

The full implementation of this detector in HDL Coder is shown in Figure 6.31.
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Figure 6.31: Implementation of Split-CAF Spatial Sign detector in HDL Coder

There are seven main entities: CORDICStages, Multiplex, CycFreqNCO, Rpt, Numerator, RstC-
trlGen and Decision. The CORDICatan and SinCos entities are implemented as shown in
Figures 6.22 and 6.23 and are contained within the CORDICStages entity. Similarly, the RstC-
triGen, AutoCorr, CycFreqNCO, Multiplex and Rpt entities are implemented the same as pre-
viously for the Split-CAF GLRT and Split-CAF Low Complexity detectors. The Numerator
entity is implemented the same as for the Split-CAF Low Complexity detector with different
wordlengths. Finally, the Decision entity is implemented as shown in Figure 6.21 except that the
threshold is n = 1.9449 since the test statistic is I'(2,0.5) distributed under the null hypothesis.

6.4.7 Split-CAF Quantised Detector
The final test statistic for this detector is:
‘2

Too—q = N{UgD)| +@u0n]). (6.36)
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The implementation of the design in HDL coder is shown in Figure 6.32.
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Figure 6.32: Implementation of Split-CAF Quantised detector in HDL Coder

The design consists of seven main entities: AutoCorr, RstCtriGen, Multiplex, CycFreqNCO, Rpt,
Numerator and Decision. All entities are implemented the same as previously for the Split-CAF
Spatial Sign detector, minus the CORDIC blocks. However, the AutoCorr operation has been
changed to incorporate the quantisation operation. This block still requires a delay, a complex
conjugate and a complex multiplier which is comprised of four real multipliers as shown in Figure

6.8. However, each of the real multipliers is implemented using the circuit shown in Figure 6.33.
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Figure 6.33: Implementation of Quantised Multiplier in HDL Coder

In the first stage of this circuit, there are three parallel branches which check the state of the
input operands. Note that each input operand can be equal to zero, a positive real number or
a negative real number. If either input operand is zero, then the result of the multiplication
is zero. Therefore, the first branch checks for this condition and outputs a boolean 1 if this

is true. Secondly, if both operands have different signs, then the result of the multiplication
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is negative. This condition is checked in the second parallel branch. Finally, in the third
branch, the condition where both operands have the same sign is checked. In this case, the
result of the multiplication is always positive. Since there are three boolean outputs, then there
is theoretically eight possible states. However, only three are actually possible in practice as

shown in Table 6.1.

Table 6.1: Possible States for Quantisation Circuit

Possible States Meaning
001 Same sign
010 Different signs
100 One or both equal zero

The next stage of the circuit is a binary concatenation block which combines the three separate
boolean values into a single word of the form shown in Table 6.1. Finally, this is used as the
control port of a multiplexer. If the input is “001”, then the output of the multiplexer is the
value 1. This is because the result is positive and thus must be quantised to 1. If the input
is “010”, then the output is -1 since the result is negative and thus must be quantised to -1.
Finally, if the input to the multiplexer is “100”, then the output must be zero. Note that a
zero would be passed to the output of the multiplexer if any other input to the control port of
the multiplexer occurred. However, as mentioned, this is not possible. Therefore, the circuit
in Figure 6.33 implements a real multiplication and quantises the result. This approach has
been employed instead of applying the hard quantisation before the autocorrelation function.
However, both approaches would yield an identical result. The advantage of the quantisation
approach is that the multiplication can be implemented efficiently using low level blocks and
therefore does not require the use of embedded multipliers, which is the case for the previous

six detectors.

6.5 Resource Cost Comparison

Having described the design of each of the considered detection algorithms in HDL Coder,
it is now possible to make a comparative analysis of their resource costs when targeted for
implementation on an Artix-7 FPGA device. This is achieved by carrying out steps 1-6 in
Figure 6.2, after generating VHDL code from the Simulink model using the makehdl command
in HDL Coder. In addition to the VHDL source files, a XDC file is added to the Vivado project
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in order to specify a timing constraint that sets the minimum acceptable clock frequency to be
achieved for each design. The target device is the Artix-7 xc7al00t csg324-1 FPGA.

Tables 6.2-6.8 show the resource costs of each of the designs in terms of FFs, LUTs, BRAMs
and DSP48E1s. Each design was implemented with a timing constraint of 40MHz, which is the
minimum clock frequency required for the detection of IEEE 802.11a/g OFDM signals using
the proposed Split-CAF detection algorithms. This is due to the fact that f; = 20MHz and the
hardware is shared between two independent data streams, leading to a required clock frequency

of 40MHz.

Table 6.2: Resource Utilisation of GLRT Detector

FPGA Resource | No. Used || No. Available || % Used
Flip Flops 2,778 126,800 2.18
LUTs 7,265 63,400 11.45
Memory LUTs 8 19,000 0.04
BRAMs 1 135 0.74
DSP48E1s 48 240 20

Table 6.3: Resource Utilisation of Low Complexity Detector

FPGA Resource | No. Used || No. Available | % Used
Flip Flops 941 126,800 0.74
LUTs 2,870 63,400 4.53
Memory LUTs 6 19,000 0.03
BRAMs 1 135 0.74
DSP48E1s 16 240 6.67

Table 6.4: Resource Utilisation of Spatial Sign Detector

FPGA Resource | No. Used || No. Available | % Used
Flip Flops 1,308 126,800 1.03
LUTs 3,068 63,400 4.84
Memory LUTSs 47 19,000 0.25
BRAMs 1 135 0.74
DSP48Els 12 240 )
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Table 6.5: Resource Utilisation of Split-CAF GLRT Detector

FPGA Resource | No. Used || No. Available | % Used
Flip Flops 5,046 126,800 3.74
LUTs 7,992 63,400 12.96
Memory LUTs 161 19,000 0.85
BRAMs 1 135 0.74
DSP48Els 46 240 19.17

Table 6.6: Resource Utilisation of Split-CAF Low Complexity Detector

FPGA Resource | No. Used || No. Available || % Used
Flip Flops 1,371 126,800 1.08
LUTs 3,201 63,400 5.05
Memory LUTs 108 19,000 0.57
BRAMs 1 135 0.74
DSP48E1s 14 240 5.83

Table 6.7: Resource Utilisation of Split-CAF Spatial Sign Detector

FPGA Resource | No. Used || No. Available | % Used
Flip Flops 1,890 126,800 1.49
LUTs 3,480 63,400 5.49
Memory LUTs 49 19,000 0.26
BRAMs 1 135 0.74
DSP48E1s 10 240 4.17

Table 6.8: Resource Utilisation of Split-CAF Quantised Detector

FPGA Resource | No. Used || No. Available | % Used
Flip Flops 986 126,800 0.78
LUTs 1,538 63,400 2.43
Memory LUTs 45 19,000 0.24
BRAMs 135 0.74
DSP48Els 4 240 1.67

Comparing the GLRT, Low Complexity and Spatial Sign detectors, it can be seen that the most
costly design in terms of LUTs and FFs is the GLRT detector. This can be attributed to the
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fact that the test statistic in (6.4) is appreciably more complex than the test statistics in (6.15)
and (6.16) and, therefore, naturally requires more resources. The Spatial Sign detector costs
more in terms of fabric than the Low Complexity detector because of the two CORDIC stages.
However, the cost of the CORDIC stages could be reduced if required, e.g. by performing less
iterations. Therefore, it is not necessarily the case that the Spatial Sign detector is more costly
in terms of fabric than the Low Complexity detector.

In order to enable a comparison of the designs in terms of DSP48E1 slices, the multipliers
required for the frequency shift by the cyclic frequency will be eliminated, as this operation
could be performed using a different method e.g. using CORDIC. In total, the GLRT requires
15 real multiplications, which does not include scaling by constants such as N and 7, which
are implemented in the FPGA fabric. However, this maps to a total of 44 DSP48Els, due
to the wordlength growth through the different stages of the detector. In contrast, the Low
Complexity detector requires 8 real multiplications, but only requires 12 DSP48E1s due to the
far simpler architecture. Finally, the Spatial Sign detector only requires 6 real multiplications
due to the elimination of the denominator calculation, mapping to a total of 8 DSP48Els for
this implementation.

Consulting Tables 6.2-6.8, it can be seen that every design consumes less than 1% of the
available BRAM and Memory LUTSs, which shows that these algorithms require a very small
amount of memory resources. Therefore, focus will be placed on the relative costs in terms of
LUTSs, FFs and DSP48Els.

Tables 6.5-6.8 show the resource costs of the proposed Split-CAF detectors. Firstly, com-
paring the Split-CAF GLRT, Split-CAF Low Complexity and Split-CAF Spatial Sign detectors
to their original counterparts, it can be seen that a greater amount of FFs and LUTs are re-
quired overall. The FF count is expected to increase as the delays in the shared hardware must
be scaled by a factor of two. The increase in LUTs can be attributed to additional circuity
which includes the multiplexing and demultiplexing operations, the repeat blocks and the adder
required to compute the final test statistics. However, the increased cost in terms of LUTs is
relatively modest due to the fact that hardware sharing has been employed. This increase in
cost in terms of FFs and LUTs is acceptable given the performance improvement which can
be achieved using the proposed algorithms and the fact that these resources are abundant for
most FPGAs. However, crucially, excluding the multipliers required for the frequency shift,
the Split-CAF GLRT, Split-CAF Low Complexity and Split-CAF Spatial Sign detectors require
44, 12 and 8 DSP48E1ls respectively. Therefore, due to the use of the hardware sharing ar-
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chitecture and the proposed arrangements of the test statistics, the performance improvement
associated with the Split-CAF algorithms comes at no additional cost in terms of embedded
multipliers. This is significant as DSP48E1s are a less abundant resource on the FPGA and,
thus, saving them is an important consideration. The proposed Split-CAF quantised detector
has the lowest LUT count of all of the considered detectors and uses the second lowest amount of
FFs after the Low Complexity detector, even considering the fact that time scaling is required
for its implementation. Moreover, due to the elimination of the complex multiplier required
for the autocorrelation calculation, the design only requires 2 real multiplications which maps
to 4 DSP48E1s on the FPGA. This serves to demonstrate the computational efficiency of the
proposed Split-CAF Quantised detector.

It is clear that the most hardware efficient design is the Split-CAF Quantised detector, since
it consumes the least amount of LUTs and DSP48E1ls and has the second lowest FF count
of all of the considered approaches. Therefore, when optimising purely for resource cost this
detector should be chosen. Conversely, the most costly designs are the GLRT and Split-CAF
GLRT detectors. Considering that these detectors offer no performance advantage over the Low
Complexity and Split-CAF Low Complexity detectors in any noise environment, the additional
cost required for their implementation is not justified. Therefore, it is recommended that the
Low Complexity detectors are chosen over the GLRT detectors. The Spatial Sign and Split-
CAF Spatial Sign detectors are slightly more costly in terms of fabric than the Low Complexity
and Split-CAF Low Complexity detectors for these implementations, due to the requirement
for the CORDIC stages. However, this may not always be the case if the implementation is
done differently i.e. less iterations are performed. More importantly, the Spatial Sign and
Split-CAF Spatial Sign detectors require less embedded multipliers than the Low Complexity
and Split-CAF Low Complexity detectors and perform better in impulsive noise environments.
Furthermore, the Split-CAF Spatial Sign compares favourably to the Spatial Sign and Split-CAF
Quantised detectors in terms of hardware cost, and performs most robustly in all considered noise
environments.

To conclude this analysis, the most computationally efficient solution is the Split-CAF Quan-
tised detector and this should be chosen when optimising for hardware cost. However, due to
its robust performance in all considered noise environments and its modest hardware cost, it
appears that the most optimal solution is the Split-CAF Spatial Sign detector. One drawback of
using hardware sharing to implement the Split-CAF detectors is the need for a clock rate which

is twice the input sampling period. For DVB-T and IEEE 802.11a/g signals, this translates to a
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required maximum of 40MHz which is easily achievable. For signals with much higher sampling
rates, achieving the required clock rate may become problematic and more attention will be
required to ensure that the designs are adequately pipelined. However, it is recommended that
hardware sharing is employed when implementing the Split-CAF detectors due to the advantages

in terms of resource cost.

6.6 Performance Verification

In this section, the performance of the fixed point HDL Coder models are verified. As mentioned
previously, the test signal is an IEEE802.11a/g Non-HT OFDM signal observed over a duration
of N = 1600 samples in AWGN noise. The noise variance is o2 = 0.05, Ptq = 0.1, the range
of tested SNRs is -25dB to 5dB in steps of 2dB and a total of 1000 iterations are performed at
each SNR level. A 2dB step and 1000 iterations were used in order to reduce the time required
for the simulation. Figure 6.34 compares P; vs. SNR curves for the HDL Coder models of each
detector using floating point arithmetic. The floating point models are intended as a golden

reference, which can be used to verify that the fixed point designs work as expected.
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Figure 6.34: P; vs. SNR Floating Point HDL Coder Models

It can be seen that the best overall performance in the AWGN channel is obtained for the Split-
CAF GLRT and Split-CAF Low Complexity detectors. This is followed by the GLRT, Low
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Complexity and Split-CAF Spatial Sign detectors. Finally, the poorest performance is exhibited
by the Spatial Sign and Split-CAF Quantised detectors. These results are in accordance with
the findings reported in Chapters 4 and 5, thus showing that the HDL Coder models function
correctly. Figures 6.35-6.41 compare the performance of the floating point and fixed point HDL
Coder models. It can be observed that the curves match very closely for each of the detectors,

which verifies that the designs work as expected.
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Figure 6.35: Performance verification of GLRT detector in HDL Coder
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Performance verification for Low Complexity Detector
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Figure 6.36: Performance verification of Low Complexity detector in HDL Coder

Performance verification for Spatial Sign Detector
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Figure 6.37: Performance verification of Spatial Sign detector in HDL Coder
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Performance verification for Split-CAF GLRT Detector
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Figure 6.38: Performance verification of Split-CAF GLRT detector in HDL Coder

1Performance verification for Split-CAF Low Complexity Detector
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Figure 6.39: Performance verification of Split-CAF Low Complexity detector in HDL Coder
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] Performance verification for Split-CAF Spatial Sign Detector
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Figure 6.40: Performance verification of Split-CAF Spatial Sign detector in HDL Coder

Performance verification for Split-CAF Quantised detector
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Figure 6.41: Performance verification of Split-CAF Quantised detector in HDL Coder

In addition to verifying the performance of the HDL Coder models, the designs have been tested
on the Artix 7 device using the FPGA-in-the-loop feature provided by MathWorks.
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FPGA-in-the-loop Results
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Figure 6.42: Performance verification of detectors using FPGA-in-the-loop

This feature enables simulation of hardware running on an FPGA to be conducted using the
Simulink environment. Figure 6.42 shows the results of passing an IEEE 802.11a/g test signal
corrupted by AWGN at an SNR of 10dB into each of the implemented detectors. Each detector
returns a boolean ‘1’ after N = 1600 samples plus some additional latency, indicating the
presence of the IEEE 802.11a/g signal and verifying that the designs work as expected on the
FPGA. The latency is caused by the addition of pipeline registers in the signal path. Note the
Spatial Sign and Split-CAF Spatial Sign detectors incur the largest latency due to the CORDIC

stages, where registers are placed in between each cell.

6.7 Chapter Summary

In conclusion, this chapter has considered the FPGA implementation of the various cyclosta-
tionary feature detection algorithms introduced in this thesis. The chapter started by reviewing
the software tools and features that were required for this task which included HDL Coder and
Vivado. Following this, a brief review of multi-channel hardware sharing was provided.

Having covered the necessary background, a detailed description of the implementation of
each detector in HDL Coder was provided. It is desirable to ensure that FPGA resources

are utilised as efficiently as possible and, therefore, multi-channel hardware sharing was em-
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ployed in the implementation of the proposed detectors. Furthermore, a simple mathematical
re-arrangement was proposed which renders the division operation unnecessary for test statistics
that are expressed as a fraction. This is useful because division can often be a costly and difficult
operation to implement in FPGA hardware.

The relative resource cost of each of the algorithms was assessed for implementation on a
Xilinx Artix-7 FPGA and it was shown that the most efficient design in terms of area was the
proposed Split-CAF Quantised detector. Therefore, when optimising for hardware cost, this
detector should be employed. In contrast, it was found that the most costly designs were the
GLRT and Split-CAF GLRT detectors. Due to the fact that they offer no performance benefit in
any noise environment when compared to the Low Complexity and Split-CAF Low Complexity
detectors, it is recommended that these are not used. The Spatial Sign and Split-CAF Spatial
Sign detectors are advantageous compared to the Low Complexity detectors because they use
less embedded multipliers and perform more robustly in impulsive noise. Finally, due to its
superior overall performance in AWGN and impulsive noise and its modest hardware cost, it

appears that the most optimal solution is the Split-CAF Spatial Sign detector.

145



Chapter 7

Conclusions

7.1 Resume

At a high level, this thesis has addressed the problem of spectrum sensing of OFDM signals us-
ing cyclostationarity. In particular, several algorithms that are based on estimation of the CAF
have been derived and their relative detection performance has been assessed for both AWGN
and impulsive noise environments. Subsequently, the relative costs of each of the algorithms
have been analysed and compared when targeting a Xilinx FPGA platform. The contents of

this thesis can now be summarised in more detail.

In Chapter 4, an overview of the signal detection problem and the hypothesis testing framework
was provided. Following this, it was established that OFDM signals are wide sense cyclostation-
ary due to the inclusion of a CP, and that this property can be exploited for detection purposes.
From the literature, three prominent algorithms were introduced that involve the computation
of statistical tests based on estimation of the CAF. These were the GLRT, Low Complexity
and Spatial Sign detectors. The distributions of each of these test statistics was established
under the null hypothesis, allowing a threshold to be set that guarantees a desired probability
of false alarm. Having derived each of the algorithms, their performance in detection of IEEE

802.11a/g and DVB-T waveforms was assessed in both AWGN and impulsive noise environments.

In Chapter 5, the complex CAF was split into two complex component functions, which
were used as the basis for four new detection algorithms: the Split-CAF GLRT, Split-CAF
Low Complexity, Split-CAF Spatial Sign and Split-CAF Quantised detectors. The Split-CAF
GLRT, Split-CAF Low Complexity and Split-CAF Spatial Sign detectors can be considered re-
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derivations of the original algorithms introduced in Chapter 4, using the proposed CAF splitting
approach. Conversely, the Split-CAF Quantised detector is a completely new algorithm that
combines a hard quantisation of the input data with the CAF splitting method. As was the
case for the original algorithms, the proposed test statistics were derived from first principles
and their distributions under the null hypothesis were established. The performances of the
proposed detectors was assessed for detection of IEEE 802.11a/g and DVB-T signals in both
AWGN and impulsive noise environments and these results were compared to the algorithms in
Chapter 4. Furthermore, the performance of the algorithms in multipath channels and in the

presence of an uncorrected frequency offset was assessed.

In Chapter 6, all seven detection algorithms were implemented using HDL Coder and targeted
to a Xilinx 7 Series FPGA. A thorough description of the implementation of each algorithm was
provided and the relative resource costs of each algorithm were compared and analysed. In
terms of FPGA design, it was suggested that a simple mathematical re-arrangement be applied
to test statistics expressed as a fraction in order to circumvent a costly division operation. Also,
for the Split-CAF algorithms, hardware sharing techniques were applied in order to ensure that

resources were not used unnecessarily.

7.2 Summary of Results

In Chapter 4, it was established that the best detection performance in an AWGN channel was
achieved by the GLRT and Low Complexity detectors. In contrast, it was found that the Spatial
Sign detector exhibits a performance loss when compared to the GLRT and Low Complexity
detectors in the AWGN channel. However, the Spatial Sign detector performs robustly in both
contaminated Gaussian and Cauchy impulsive noise. In contrast, the performance of the GLRT
and Low Complexity detectors degrades significantly in both types of impulsive noise. In partic-
ular, these detectors are unable to achieve the desired Py, when operating in Cauchy impulsive

noise. These results were obtained for both IEEE 802.11a/g and DVB-T test signals.

In Chapter 5, it was found that the best performance in an AWGN channel was achieved using
the Split-CAF GLRT and Split-CAF Low Complexity detectors. Further, the Split-CAF Spatial
Sign detector matched the performance of the GLRT and Low Complexity detectors and the
Split-CAF Quantised detector matched the performance of the Spatial Sign detector. These
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results are repeated in Figure 7.1 below for an IEEE 802.11a/g test signal.
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Figure 7.1: P; vs. SNR comparison of all detectors IEEE 802.11a/g in AWGN

In contaminated Gaussian noise, the best performing detector was the Split-CAF Spatial Sign
detector. This was closely followed the Split-CAF Quantised detector which slightly outper-
formed the Spatial Sign detector. The performance of the Split-CAF GLRT and Split-CAF Low
Complexity detectors degraded significantly in the contaminated Gaussian noise. However, they
were still able to improve upon the GLRT and Low Complexity detectors. Conversely, in the
Cauchy noise, the Split-CAF Quantised detector achieved the best overall performance. This
was followed closely by the Split-CAF Spatial Sign detector which performed marginally worse.
However, both detectors outperformed the Spatial Sign detector in this noise environment. As
with the GLRT and Low Complexity detectors, it was found that the Split-CAF GLRT and
Split-CAF Low Complexity detectors were unable to achieve the desired false alarm rate due to
to the fact that the asymptotic normality of the CAF is violated by the Cauchy noise. When
considering all noise environments together, it was found that the Split-CAF Spatial Sign de-
tector achieved the best overall performance. The results for both contaminated Gaussian and

Cauchy noise for an IEEE802.11a/g test signal are repeated in Figures 7.2 and 7.3.
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Pd vs. SNR IEEE802.11a/g contaminated Gaussian noise
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Figure 7.2: Py vs. SNR comparison of all detectors IEEE 802.11a/g in contaminated Gaussian
Impulsive noise
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Figure 7.3: P; vs. GSNR detector comparison for IEEE802.11a/g in Cauchy Impulsive noise

This analysis has demonstrated that employing the proposed Split-CAF algorithms can offer

an appreciable performance improvement over the traditional algorithms without employing
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any additional information e.g. autocorrelation lags and/or cyclic frequencies. Furthermore,
it was shown that all of the algorithms are sensitive to increasing delay spread and decreasing
coherence times in time varying multipath channels, but can perform robustly in the presence
of an uncorrected frequency offset.

In Chapter 6, it was found that the most resource efficient algorithm was the Split-CAF
Quantised detector and its should be chosen if optimising for hardware cost is the primary
objective. It is also able to operate robustly in AWGN and outperforms the Spatial Sign detector
in both types of impulsive noise. In contrast, the Split-CAF GLRT and GLRT detectors were
the most computationally expensive and consumed the most resources. Due to the fact that
they offer no performance advantage and are significantly more costly than the Split-CAF Low
Complexity and Low Complexity detectors, it is recommended that these algorithms are not used
in practice. In fact, for an AWGN channel, the most optimal solution is the Split-CAF Low
Complexity detector. However, the Spatial Sign and Split-CAF Spatial Sign detectors have the
advantage that they operate robustly in impulsive noise and require less embedded multipliers
than the Low Complexity detectors. Furthermore, the Split-CAF Spatial Sign detector matches
the performance of the Low Complexity and GLRT detectors in AWGN and outperforms the
Spatial Sign detector in both impulsive noise environments. Overall, when taking into account
performance in both AWGN and impulsive noise and hardware cost, the Split-CAF Spatial Sign
detector is the most optimal choice of all considered detectors. A disadvantage of the approach
used to implement the Split-CAF algorithms is that the designs must be capable of running at
a clock of frequency equal to twice the input sampling rate, which could become problematic
when detecting signals with high sampling rates. However, the savings that can be achieved
through the use of hardware sharing makes it a very important feature of the implementations

of the Split-CAF algorithms.

7.3 Future Work
In terms of future work, there are several points that would be interesting to address:

e In Chapter 5, four detection algorithms were derived based on the proposed CAF splitting
technique. It would be interesting to see if it were possible to derive further test statistics
using this method and to compare their performances to the proposed algorithms. In
this thesis, the spatial sign and quantisation functions were applied and combined with

the CAF splitting approach. However, for example, other non-linearities exist such as
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the Soft Limiter function [85] which could be combined with the CAF splitting to form a
new detector. Furthermore, it would be interesting to see how any new algorithm might
compare to the proposed algorithms when implemented on an FPGA e.g. in terms of

resource cost.

e In this thesis, only a single lag and single cyclic frequency was considered in testing the
performance of the proposed algorithms. Therefore, a next step would be to extend the
test statistics to incorporate additional lags and/or cyclic frequencies and measure the
performance improvement that can be achieved. Furthermore, only a single receive antenna
was employed and, therefore, it would be interesting to see how the proposed detection
algorithms could be combined with spatial diversity to achieve an improved detection

performance.

e In [85], a mathematical proof is provided which justifies the observation that the cyclo-
stationary features are preserved after applying the spatial sign function. It would be
interesting to see if this method or similar could be used to justify the preservation of the

cyclostationary features after applying the hard quantisation in Chapter 5.

e This thesis has focussed exclusively on applying cyclostationary detection algorithms to
the detection of OFDM primary user waveforms. Therefore, a future goal for this research
would be to test the algorithms proposed in Chapter 5 for different possible primary user

signals and standards.

151



Chapter 7. Conclusions

152



Appendices

153



Appendix A

Additional Results

This appendix contains additional results that were omitted from the main body of the thesis.
These consist mainly of results to verify the existing and proposed detectors using DVB-T signals
with different CP lengths i.e. 1/8, 1/16 and 1/32 of the useful symbol duration.
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Figure A.1: P; vs. SNR comparison for Split-CAF GLRT and GLRT detectors in AWGN
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Figure A.3: P; vs. SNR comparison Split-CAF Spatial Sign and Spatial Sign Detectors in

AWGN
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