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Abstract

Automatic modulation classification (AMC) is the process of automatically determining
the modulation technique used in a received signal. An important part of identifying an
unknown signal is to determine its modulation parameters; therefore an important part
of the automatic modulation classification (AMC) of orthogonal frequency-division

multiplexing (OFDM) signals is to determine the modulation parameters of the signal.

The purpose of this research is to explore and evaluate existing methods of blindly
determining the parameters of an OFDM signal, as well as determining if OFDM is
present in a signal of interest (SOI). Improvements to and novel uses of existing feature
extraction and parameter recognition techniques are also explored and evaluated. These
techniques include the Giannakis-Tsatsanis test and a MUlItiple SIgnal Classification

(MUSIC) based test to determine the number of OFDM sub-carriers.

It was determined that the Giannakis—Tsatsanis test could not be used to distinguish
OFDM signals from several other modulation techniques. A MUSIC algorithm based
test to determine the number of sub-carriers present in an OFDM signal was also
evaluated. A shortcoming of this test, namely that it is computationally intensive, was
addressed by improving the test to use the MATLAB® pmusic function. This greatly
reduced the computational complexity of the test. Finally, it was determined that this
pMUSIC algorithm could also be used to determine the presence of OFDM, thereby

addressing a shortcoming of existing methods by developing a suitable method.
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Opsomming

Outomatiese modulasieklassifikasie is die proses waarin die modulasieskema van 'n
ontvangde sein outomaties bepaal word. 'n Belangrike aspek van om 'n onbekende
sein te identifiseer is om die modulasieparameters daarvan te bepaal. Daarom is
dit belangrik om die modulasieparameters van 'n Ortogonale Frekwensie Verdeelde

Multipleksering (OFDM) sein te bepaal as dit outomaties geklassifiseer word.

Die doel van hierdie navorsing is om bestaande metodes om blindelings die teen-
woordigheid en parameters van 'n OFDM-sein te bepaal, te verken en te evalu-
eer. Verbeterings aan en ongewone gebruike van bestaande kenmerkonttrekking-
en parameter-herkenningstegnieke is ook verken en geévalueer. Hierdie tegnieke sluit
die Giannakis-Tsatsanis-toets en 'n MUItiple SIgnal Classification (MUSIC) gebaseerde

toets vir die aantal OFDM sub-draers in.

Dit was bevind dat die Giannakis—-Tsatsanis-toets nie gebruik kan word om OFDM-
seine van verskeie ander modulasieskemas te onderskei nie. 'n MUSIC-algoritme
gebaseerde toets om die aantal sub-draers in 'n OFDM-sein te bepaal is ook geévalueer.
'n Tekortkoming van hierdie toets, naamlik dat dit rekenintensief is, is aangespreek
deur die toets te verbeter deur die gebruik van die MaTLAB® pmusic-funksie. Dit het
die rekenintensiteit van die toets aansienlik verbeter. Laastens is dit bevind dat hierdie
pMUSIC algoritme ook gebruik kan word om die teenwoordigheid van OFDM te
bepaal. Hierdeur is 'n tekortkoming van 'n bestaande metode aangespreek deur 'n

gepaste metode te ontwikkel.

Sleutelwoorde: Outomatiese Modulasieklassifikasie, OF DM, parameterskatting
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Chapter 1

Research Proposal

This chapter will give a background of the research problem and provide a research proposal for

the study.

1.1 Introduction

There are many modulation techniques widely used for the transmission of radio
signals [1-3]. There are situations in which a signal is received, but the modulation
technique is unknown. This creates the need to determine the modulation technique

of a received signal automatically.

Automatic modulation classification (AMC) is the process of automatically determining
the modulation technique used in a received signal [4]. This process can also be called
automatic modulation recognition (AMR) [5]. There are several applications for AMC
in both military and civilian domains. In the military environment, the first step
towards decoding adversarial communications would be to determine the modulation
technique used [4]. When the modulation type is known, the signal can also be jammed
more effectively [4]. In the civilian environment, AMC is used in the field of cognitive
radio. In cognitive radio communications, the modulation technique is changed based

on the channel conditions [5,6]. For the receiver to be able to keep up with these
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modulation technique changes, it has to perform AMC on the received signal [4].
Another application is that of spectrum monitoring and enforcing [7]. Regulators
want to determine if a specific section of the spectrum is being used in the way that
it is licensed to be used [8]. AMC can help them determine the type of signal that is

present.

1.2 Background and Rationale

1.2.1 AMC System Overview

An AMC system consists of different parts. Firstly a signal is received through a
channel. Feature extraction is then performed on the received signal. Lastly, a classifier
uses the extracted features to determine the modulation used. Figure 1.1 illustrates

this process.

signal —| channel —| feature extraction — classifier — modulation

Figure 1.1: The AMC process.

1.2.2 Properties of a Good Classifier

According to Zhu and Nandi [4], a good modulation classifier has the following

characteristics:

1. Accurate
2. Robust
3. Computationally efficient

4. Versatile
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In this context, accuracy is defined as the percentage of times that a classifier can
correctly determine the modulation type used [4]. Robustness means that the classifier
can function in a wide variety of channels [4] and has a degree of immunity towards
interference and noise. The computational efficiency of a classifier refers to how
powerful the hardware that it runs on needs to be [4]. Versatility refers to how many

modulation methods the classifier can detect [4].
It is also important that the modulation classification happens fast enough [9].

These properties will be important in evaluating and comparing existing and new

AMC algorithms and methods.

1.2.3 AMC techniques

The AMC techniques to be investigated include the Giannakis-Tsatsanis test and a
MUIltiple Slgnal Classification (MUSIC) based test to determine the number of sub-
carriers. These tests can then be used as an AMC system to determine the presence
of orthogonal frequency-division multiplexing (OFDM) and determine the number of

OFDM sub-carriers.

1.2.4 Channels

There are various different channel models used in the wireless telecommunication

literature [1-4,10]. The most common channel models used for AMC is [4,11,12]:

1. Additive white Gaussian noise (AWGN)
2. non-Gaussian noise
3. Fading (including Rayleigh and Rician)

4. Frequency and Phase shifts
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1.3 Literature Review

Chapter 2 provides a detailed literature study. From this, it can be seen that most of
the recent work is on digital modulation techniques and not analogue modulation
techniques. There is also limited research done on AMC of OFDM signals. The channel
models used in the research varies, but most of the work is done in an AWGN channel.
There is some work done in non-Gaussian and fading channels, and little work done

in physical, real-world channels.

1.4 Purpose and Problem Statement

An important part of identifying an unknown signal is to determine its modulation
parameters [13], therefore an important part of the automatic modulation classification

(AMC) of OFDM signals is to determine the modulation parameters of the signal.

The purpose of this research is to explore and evaluate existing methods of blindly
determining the parameters of an OFDM signal, as well as determining if OFDM is
present in a signal of interest (SOI). Improvements to and novel uses of existing feature

extraction and parameter recognition techniques will also be explored and evaluated.

1.5 Research Objectives

The objectives of this research are to:

1. Identify the applicable OFDM modulations that are commonly used in OFDM-

based signals.

2. Identify the modulation parameters used in these signals and how they vary

between signals.
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3. Identify the appropriate tests for parameter extraction, such as the Giannakis—

Tsatsanis test and a MUSIC based tests.

4. Evaluate existing tests for parameter extraction, using metrics such as accuracy,

robustness, computational efficiency and versatility.

5. Develop or improve tests for parameter extraction by applying existing tests in

novel ways and developing new tests.

6. Perform experiments in increasingly realistic channels, such as AWGN and

multi-path channels.

1.6 Contributions and Limitations

This study contributes by creating an AMC system for OFDM signals that can distin-
guish OFDM signals from other digital modulation schemes and determine the number
of sub-carriers in an OFDM signal. During the study, practical tests and validations of
simulations will take place, and the study will add to the body of knowledge on the

subject.

The goal of this study is not to develop new features or new classifiers, but only to

implement existing features and classifiers. The study is limited to OFDM signals.

The scope of this study is limited as follows. Only standard OFDM signals are
considered and therefore coded orthogonal frequency-division multiplexing (COFDM),
Wavelet-OFDM and multi-carrier code-division multiple access (MC-CDMA) OFDM
signals are excluded from the work done here. This study will also only consider
single input, single output (SISO) systems and will not look at multiple input, multiple
output (MIMO) or multiple input, single output (MISO) systems. This is done in order

to limit the extent of the tests that are done.

A finite solution space will also be determined for the parameters by limiting the

number of possible outcomes of a test. This means that for example, when testing the

5
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number of sub-carriers (N.), only N, € {16,32,64,128,256} will be considered and not
NC E N-

1.7 Dissertation Overview

The rest of the dissertation is organised as follows:

* Chapter 2 provides a literature study that explores the theoretical background

and literature related to the study.

* Chapter 3 provides initial experiments that are done by implementing various

tests in an AWGN channel.

* Chapter 4 expands on these initial experiments by repeating the tests in various

channels, including, AWGN and multi-path channel models.

¢ Chapter 5 provides the verification and validation of the tests performed in

Chapters 3 and 4.

¢ Chapter 6 provides a conclusion to the dissertation.




Chapter 2

Literature Study

This chapter explores the theoretical background and literature related to the study. It looks
at existing AMC techniques and how these techniques are implemented. It also provides an
overview of the channel conditions in which tests of this nature are typically done. Next,
it provides an overview of OFDM signals, as well as existing techniques to determine the

parameters of an OFDM signal. Finally, it looks at the parameters of typical OFDM signals.

2.1 Analogue and Digital Modulation

Most AMC algorithms can only be used on analogue modulations or digital modula-
tions [4]. There are, however, techniques that can be used for both as they classify the

received signal as analogue or digital as part of their classification process [5, 8].

Recent development focuses on digital signals, although there are recent studies
in which the algorithm that was developed can classify both analogue and digital
signals [5, 8].
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2.2 Likelihood-based vs Feature-based

AMC techniques can be divided into two categories, namely likelihood-based (LB) and
feature-based (FB) [6].

2.2.1 Likelihood-based Methods

The likelihood-based (LB) method of AMC uses the probability density function (pdf)
of the received signal, together with various statistical hypothesis tests to determine
the modulation technique [6]. This technique is also sometimes called distribution test-
based or decision theoretic-based [4]. This method is more computationally complex
than the feature-based method [4,8]. This complexity is caused by the calculation of
natural logarithms in the likelihood function and the need for more signal samples [4].
LB methods are the most popular way of doing AMC [4]. This method produces
high-accuracy classifiers when perfect channel model and channel state parameters are
known [4]. It is therefore not well suited for scenarios in which the channel conditions

are not entirely known.

The LB method is based on hypothesis testing [4]. The most common tests used are
maximum likelihood (ML), average likelihood ratio test (ALRT), generalised likelihood
ratio test (GLRT) and hybrid likelihood ratio test (HLRT) [4, 6].

2.2.2 Feature-based Methods

Feature-based (FB) methods look at the features of the signal when classifying [4, 6].
One of these features is the variance of the centred normalised signal amplitude [4, 6].
This is a measure of how the signal amplitude changes and can be used to differentiate
between modulation techniques where the amplitude should stay the same, such as
phase-shift keying (PSK), and techniques where it should change, such as quadrature
amplitude modulation (QAM) [4]. Another feature used is the standard deviation of
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the absolute value of the non-linear component of the instantaneous phase [4]. This
feature allows the distinction between modulation techniques that have information
in their phase (e.g. PSK) and those that do not (e.g. ASK) [4]. These, and other,
features each separate the modulation techniques into groups based on what method
the modulation technique uses to carry information. By testing various features against
the received signal, it is possible to determine the modulation technique used. Whether
features are tested hierarchically or all at once has an effect on the performance of the
system [8]. Testing the features all at once is expected to yield a system with better
performance [8]. For analogue modulation techniques, feature-based methods are
preferred [4,8]. However, Xiao [14] has developed a likelihood-based AMC algorithm

for analogue signals.

2.3 Channel Conditions

Most AMC research is done on signals transmitted through an AWGN channel [4, 6].
More recent research however, also takes channel conditions such as fading channels
and impulse noises into consideration [4,11]. During the development of AMC
algorithms, a signal model is used. For an AMC algorithm to work well in practice,
the signal model has to be very accurate [4]. Some fading channel models used also
take the Doppler effect into consideration [4]. Chavali and Da Silva have developed
a likelihood-based technique that uses non-Gaussian Noise [11]. Wu et al. have

developed a feature-based AMC technique that works in a multipath channel [15].

2.3.1 AWGN Channel

The simplest non-ideal channel that is commonly used for tests is the additive white
Gaussian noise (AWGN) channel [3]. In practice, this noise can be caused by the

thermal noise of the electronic components used in the transmitter and receiver, as
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well as interference during transmission [3]. This noise has a constant power spectral

density (PSD) over all frequencies and has an infinite bandwidth [16].

2.3.2 Fading Channels [1]

Fading occurs when a signal experiences rapid changes in its amplitude, phase or
multipath delay over a short period or short distance. This is caused by more than one
version of the same signal arriving at the receiver with slightly different delays. These
delays are caused by the multipath propagation of the signal, where each of the signal

versions that arrive at the receiver followed a different route.

Fading has the following effects on a signal:
1. The signal experiences rapid changes in its signal strength over a short period or
short distance.

2. Varying Doppler shifts on the different multipath signals causes the random

frequency modulation of the signal.

3. Multipath propagation delays cause echoes in the signal.

The movement of surrounding objects can cause these effects to vary in time, although

the transmitter and receiver are stationary.
Antenna space diversity can be used to counter fading by preventing deep fading nulls.

The following factors influence fading;:

1. Multipath propagation
2. Speed between transmitter and receiver
3. Speed of surrounding objects

4. The bandwidth of the signal

10
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There are different types of fading:

1. Flat fading, in which only the amplitude is affected, and the change is constant
over the bandwidth of the signal.

2. Frequency selective fading, in which different frequencies in the bandwidth of

the signal experiences different amplitude changes.

3. Fast fading, in which the amplitude, phase and delay changes in the signal
happen faster than the changes in the signal.

4. Slow fading, in which the amplitude, phase and delay changes in the signal

happen slower than the changes in the signal.

The most common fading channel models used are Rayleigh and Rician. These models
only take the amplitude effect of fading into account and does not consider the phase
and delay effects that fading can have and are also not frequency selective. There is a

two-ray Rayleigh fading model that does take multipath time delays into account.

2.3.3 Tapped Delay Line Channel Models

One of the very common types of channel model for multi-path channels is the tapped
delay line (TDL) channel model [10,17]. TDL channel models are usually defined for a

specific scenario, such as [10,17]:

Indoor residential

Indoor office

Factories and airports

Tunnels and mines

Typical Urban

11
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Typical Rural

Bad Urban

Hilly Terrain

Pedestrian

Vehicular

Two of the most popular TDL channel models are COST 207 and ITU-R M.1225 [10,18].

The COST 207 [19] channel models were developed by the European Cooperation in
Science and Technology (COST) from extensive measurements throughout Europe [18].
They are the basis of the Global System for Mobile communications (GSM) channel
models [18]. They include typical urban, bad urban, typical rural and hilly terrain

scenarios [10,18].

The ITU-R M.1225 [20] channel models were developed by the International Telecom-
munication Union Radiocommunication Sector (ITU-R) for use in third-generation

cellular systems [18]. They include indoor, pedestrian and vehicular models [10, 18].

2.4 Machine Learning

Machine Learning (ML) techniques have been used with success for solving the
problem of classifying things based on their features [21]. It is, therefore also suited
for feature-based AMC [4]. In the ML process, the system is taught how to recognise
items by applying it to a test set of items with known outcomes [21]. The system
is then tested against another set of test data [21]. There are already several studies
done where ML is used for feature-based AMC; however, all of these were done in an

AWGN channel and by means of simulations [7,22-24].

12
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2.5 Comparison of Existing AMC Techniques (Related
Work)

Dobre et al. [6] provide a comparison of AMC techniques that existed in 2007. This
section will, therefore, focus on techniques developed since then and builds on the

existing body of knowledge. Table 2.1 shows a comparison of existing techniques.

To do this comparison, an extensive literature survey was done, and the relevant
aspects of each study were extracted. These aspects are the year the study was done,
whether the method is likelihood-based (LB) or feature-based (FB), which modulations
were considered, and which channels were used in the study. Where OFDM is listed
as one of the modulation schemes, OFDM was one of the modulation schemes that
had to be distinguished from the others, and where OFDM is listed as a channel, the
related work focused on the inner modulation of OFDM, thereby seeing it as a channel

for the relevant modulation scheme.

From this, it can be seen that most of the recent work is on digital modulation
techniques and not analogue modulation techniques. There is also limited research
done on AMC of OFDM signals. The channel models used in the research varies, but
most of the work is done in an AWGN channel. There is little work done in multipath

channels, as well as physical, real-world channels.

Other OFDM AMC related work is also discussed in Sections 2.11 to 2.13.

13
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Table 2.1: Comparison of existing AMC techniques.

Author(s) Year  Method Modulations Channel(s)

Wu et al. [15] 2008 FB BPSK, QPSK Rayleigh

Choqueuse 2009 LB BPSK, QPSK, 16-PSK, MIMO, Rayleigh,

et al. [25] 16-QAM AWGN

Wang and 2010 LB QAM, PSK AWGN,

Wang [12] flat-fading,
OFDM,
non-Gaussian
noise, phase and
frequency offset

Headley and 2011 LB BPSK, QPSK, 8-PSK, flat-fading

Da Silva [26] 16-QAM, 64-QAM

Aslam et al. [7] 2012 FB BPSK, QPSK, QAM-16, noise

QAM-64

Xiao [14] 2012 LB,FB AM, SSB, DSB, FM AWGN

Popoola and 2012, FB AM, DSB, SSB, FM, AWGN,

van Olst [27,28] 2013 2-ASK, 4-ASK, 2-FSK, hardware

BPSK, QPSK, OFDM,
16-QAM, 64-QAM

Chavali and 2013 LB PAM, PSK, QAM time-correlated

Da Silva [11] non-Gaussian
noise

Zhu et al. [22] 2013 FB 4-QAM, 16-QAM, AWGN, phase

64-QAM offset

Miihlhaus 2013 FB BPSK, QPSK, 8-PSK, spatially

et al. [29] 16-QAM, 64-QAM multiplexed
MIMO

Benedetto 2016 FB FM, AM, SSB, BPSK, noise and phase

et al. [5] QPSK, 8-PSK, 16-PSK, offset

4-ASK, 2-FSK, 4-FSK,

GMSK, 8-QAM, 16-QAM,

32-QAM, 64-QAM

14
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2.6 Existing Features
Yu [8] has categorised the features and methods used into the following groups:

1. Phase based approaches

2. M-th order power law based approaches
3. Zero-crossing based approaches

4. Statistical moments based approaches

5. Wavelet transform based approaches

2.7 OFDM

Orthogonal frequency-division multiplexing (OFDM) is a digital signal transmission
scheme that can be seen as both a modulation technique and a multiplexing tech-
nique [30]. In an OFDM signal, the channel is divided into sub-carriers, and each of
these sub-carriers is used to transmit data in parallel [31]. Figure 2.1 shows this basic
principle of OFDM modulation and demodulation for the case where the number of

sub-carriers (N) is 4.

Parallel Y[k] QAM/PSK

t ial —>
o(;;asr;a demodulator

QAM/PSK X[k] | Serial to

— parallel
modulator (S/P)

Figure 2.1: Signal diagram of the principle of OFDM modulation [10, 32].

OFDM is robust against frequency selective fading [30] because when a frequency

selective fading channel is divided into sub-carriers, each of the sub-carriers can
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be approximated by a flat fading channel [10]. OFDM is spectrally efficient [31],
especially when more than 64 sub-carriers are used [10]. Because of the mathematical
orthogonality of the sub-carriers, it is possible to arrange the carriers in such a way
that the sidebands of the carriers can overlap without interference [30]. This can be
seen in Figure 2.2, where it is shown that all the other sub-carriers are zero at the
frequency of a sub-carrier [32]. This allows for efficient use of the available spectrum.
One of the disadvantages of OFDM is that it is sensitive to frequency offset [30,31].
Figure 2.2 shows the frequency spectrum of the OFDM sub-carriers for the case where

the number of sub-carriers (N,) is 4.

Figure 2.3 shows the block diagram of a typical OFDM system. Each of the blocks will

now be discussed in more detail.

N N N,
— — —
Data QAM/PSK Serial to ™ ™| Add Cyclic [ Parallel to RF mod-
> > > IFFT — ) > } — DAC —>
source modulator parallel (S/P) |_,| || Prefix (CP) |_,| serial (P/S) ulator
— — —
channel
N, N, N, l
— —] —]
[— [— j—| :
Dlata le| QAM/PSK | | Par.allel to [T FET |<— Remove CP |« Serial to | ADC |e—] RF de-
sink demodulator serial (P/S) |— | «—o1 l«—| parallel (S5/P) modulator
—] —] f—]

Figure 2.3: Block diagram of a typical OFDM system [2,10,31,32].
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2.7.1 Inner Modulation

The OFDM process starts with modulating the data that has to be sent with a single
carrier modulation scheme such as M-PSK or M-QAM [10], where M is the modulation
order, typically M € {4,8,16,32,64}. This is known as the inner modulation of the
OFDM signal [10]. Each of the modulated symbols has a duration of Ts.

2.7.2 Serial to Parallel

The data is then split into N, parallel streams, and as part of the serial to parallel (S/P)
conversion process each symbol’s duration is lengthened to M = N,T; [10]. The data
is then put through an N -point inverse fast Fourier transform (IFFT) which modulates
the parallel streams onto N, sub-carriers [10]. The use of an IFFT for this purpose is a

mathematical trick that is explained and derived in [10].

2.7.3 Guard Interval

The next step in the process is to add a cyclic prefix (CP) to each of the symbols. During
this step, the last part of each symbol is added at the beginning of the symbol [10].
This is done in order to prevent the inter symbol interference (ISI) that is caused by a
multipath channel [10]. The duration of this CP has to be longer than the maximum
multipath delay of the channel in order to prevent both ISI and inter-carrier interference
(ICI) [10]. The ICI is caused by the ISI causing the sub-carriers to lose orthogonality [10].
In some OFDM implementations, a cyclic suffix (CS) or zero padding (ZP) is used
instead of a CP [10]. The fact that a signal contains a CP or CS can be used to determine
the symbol length (M) of a received signal by autocorrelating the signal [33]. This CP,
CS or ZP is known as the guard interval (GI) [10].
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2.7.4 Parallel to Serial

The next step is to convert the N, parallel streams into a single stream by means
of a parallel to serial (P/S) converter [10]. Finally, the signal is converted to an
analogue form and modulated to the carrier frequency before being transmitted over
the channel [10]. The whole process then reversed on the receiving side in order to

recover the transmitted data.

2.7.5 Sub-carrier Spacing

The frequencies used for the sub-carriers are f; = k/M (where k is the sub-carrier
index and fy is the sub-carrier frequency) which means that the complex time-domain
representation of the signals are given by e/>/if where in each case k € Z and 0 <
k < N; —1 and the signals are time-limited to 0 < t < M for each of the OFDM
symbols [10].

2.7.6 Guard Carriers

OFDM signals have large out-of-band power which can cause adjacent channel inter-
ference (ACI) [10]. To counteract this effect, OFDM sometimes make use of virtual
carriers, also called guard carriers [10]. These guard carriers are unused sub-carriers at
both ends of the spectrum used by the signal [10]. Figure 2.4 shows an example of an
OFDM signal with 4 sub-carriers, where there is one guard carrier at each end. In this

case, fo and f3 are the guard carriers, and f; and f, are data-bearing sub-carriers.
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Figure 2.4: The frequency spectrum of OFDM with guard carriers.

2.8 OFDM Parameters

The modulation of one OFDM signal can be different from that of another OFDM
signal. These variations are caused by the parameters of the modulation being different

in each signal [10,31,34]. The parameters of OFDM modulation include:

e The number of sub-carriers [34]

* Sub-carrier spacing [34]

e How sub-carriers are used [10]

¢ The use, type and length of a guard interval (GI) [10,33, 34]
¢ Symbol length [31,33]

¢ The channel estimation technique used [10,31]

e [f built-in forward error correction (FEC) is used [10,31]

¢ Inner modulation [10, 33]
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2.9 Common OFDM Use Cases and Channel Models

Technologies where OFDM is typically encountered include Digital Audio Broadcasting
(DAB) [35], Digital Video Broadcasting (DVB) [36], Wi-Fi (IEEE 802.11) and Long
Term Evolution (LTE) [34]. LTE uses the Evolved Universal Terrestrial Radio Access
(E-UTRA) radio interface protocol [37]. Table 2.2 shows a comparison of these signals
and Table 2.3 shows the frequencies of the bands mentioned in Table 2.2, as it is

applicable to ITU-R Region 1, of which South-Africa is part.

The key takeaways from this comparison are:

1. The frequency bands in which civilian OFDM signals are commonly found can

range from 47 MHz to 5 GHz.
2. The number of sub-carriers can vary from 12 to 27 841.
3. The sub-carrier spacing can vary from 279 Hz to 2500 kHz.

4. The most common inner modulations are QPSK, 16-QAM, and 64-QAM, although

others are also used.
5. The typical bandwidth of an OFDM signal can vary from 1.536 MHz to 160 MHz.

6. The different channel models, as discussed below.

These parameters and their typical ranges will be important during the experimental
design of Chapters 3 and 4 to ensure that the experiments are done using realistic
values for these parameters. It should also be noted that all of these signals make use

of a cyclic prefix (CP).

2.9.1 Channel Model: DAB

The channel model proposed by the DAB standard is a SISO Rayleigh power delay pro-
file (PDP) model with a Doppler shift, which is implemented using a TDL model [42].
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Table 2.2: Comparison of common OFDM signals.

DAB [35] DVB-T2 [36] Wi-Fi [38] LTE [34,39,40]
Frequency Band I, Iland Band III, IV 2.4GHz and 450 MHz to
band III and V [41] 5GHz 3700 MHz
Number of 1536 853 to 27 841 64 [2] 12 to 1200
sub-carriers
Sub-carrier 1kHz 279Hz to 78.125kHz, 15kHz
spacing 8929 Hz 156.25kHz,
(8 MHz 312.5kHz,
channel) 625 kHz,
1250 kHz and
2500 kHz
Inner 7t/ 4-shift QPSK, BPSK, QPSK, QPSK,
modulation D-QPSK 16-QAM, 16-QAM, 16-QAM,
64-QAM, 64-QAM 64-QAM,
256-QAM 256-QAM
Typical 1.536 MHz 1.7MHz, 5MHz, dynamically
bandwidth 5MHz, 6MHz, 10MHz, adjusted
7 MHz and 20 MHz,
8 MHz 40 MHz,
80MHz and
160 MHz
Channel ETSI TS 103 ETSI TS 102 TGn and 3GPP TS
model 461 D [42] 831 14.1 [43] TGac [45,46] 36.104 B [47]
specification ETSI TR 101
190 9.4 [44]

Table 2.3: ITU-R Region 1 frequencies as applicable to South Africa.

Band Frequency range [MHz]
I [48] 47 to 68
IT [49] 87.5 to 108
III [50, 51] 174 to 238; 246 to 254
IV [50] 470 to 582
V [50] 582 to 862
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2.9.2 Channel Model: DVB-T2

The DVB-T2 standard proposes several channel models, including [43, 44]:

SISO AWGN channels

SISO Rayleigh and Rician TDL models

SISO COST 207 [19] derived mobile channels

MISO Rayleigh and Rician models

2.9.3 Channel Model: Wi-Fi

The IEEE 802.11 standard proposes several channel models, including [45]:

¢ SISO Rayleigh TDL models as described in ETSI EP BRAN 3ERI0O85B [52]
¢ SISO Rayleigh and Rician TDL models based on the above models

* MIMO Rayleigh and Rician models

2.9.4 Channel Model: LTE

The LTE standard proposes several channel models, including [47]:

* AWGN models
¢ SISO Rayleigh TDL models

e MIMO models
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2.10 Discrete Multi-tone

Discrete multi-tone (DMT) is a modulation scheme that is very similar to OFDM that
is typically used in wired communication links such as asymmetric digital subscriber
line (ADSL) [31,32]. The difference between OFDM and DMT is that DMT has an
additional feature called bit-loading [31]. This means that the data rate of all the bins
(as sub-carriers are called in DMT) are not the same, but they are varied according
to the noise level of each of the bins in order to maximise data throughput [31]. The
similarities between DMT and OFDM means that the feature detection techniques of
DMT can also be applied to OFDM.

2.11 Cyclostationary Analysis

There are several techniques for estimating the parameters of an OFDM signal that are
based on the cyclostationary analysis of the signal [53-56]. These techniques can be
used to estimate parameters such as the symbol period, the number of sub-carriers,
the carrier frequency offset and the cyclic prefix length [53-56]. These techniques do,
however, depend on the presence of a CP, which although it is very common, is not

used by all signals [10].

212 Test for Single-carrier vs Multi-carrier

Before performing tests to determine the parameters of an OFDM signal, the presence
of an OFDM signal needs to be established; therefore, methods to determine this are

also explored.

The Giannakis-Tsatsanis test [57] can be used to determine if a received signal is single-
carrier of multi-carrier based [33,58]. This test works on the principle of multi-carrier

modulations such as OFDM being asymptotically Gaussian [58]. Since OFDM is a

23



Chapter 2 Literature Study

multi-carrier based signal, this test can be used to determine if OFDM is present. It

has been successfully used for this purpose in AMC systems [33,58,59].
The original test has been simplified and implemented by Akmouche [58] and has

been further simplified by Azarmanesh [59]. The steps given by [59] are as follows:

1. Compute the fourth-order cumulant of both the real and imaginary parts of the

received signal [59]:

1N an L o .

w06t =5 L () + (@) (i + x(i — 1) ) 2.1)
1NSE an o .

c4j(0,t,t) = A ) (x]. (i) + x5 (1) (i + t)x; (i — t)> (2.2)

where N, is the number of samples received, and x, and x; are the real and

imaginary parts of the received signal.
2. Form the vectors ¢, and ¢;j from these cumulants [59].

3. Compute the covariance matrices of these vectors [59]:

2, = COV {C4r(0, 77u/77u)zc4r(0/ 770/’717)} (2.3)
%, = cov {40, 1u 7u), c5i(0, 1o, 70) } 24

4. The threshold value can then be calculated [59]:

dg4 = sup (chZc_rlcr, chZC_jlc]-> (2.5)

5. If dg 4 < TG, then x(i) is a multi-carrier signal, where 7 is a threshold value that

has to be determined experimentally [59].
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2.13 Test for the Number of Sub-carriers

An OFDM signal is made up of a number of sub-carriers. This number varies between
different implementations of OFDM [31,34]. In practice, the number of sub-carriers
can vary from 12 to 27 841 (see Table 2.2). A variation of the MUSIC (MUltiple SIgnal
Classification) algorithm [60] can be used to determine the number of sub-carriers
that are present in a signal [61]. In this algorithm, the covariance terms r(7) are first

calculated as follows [61]:

1 N

r(t) = N 7 Y x(i)-x*(i—1) (2.6)

where N, is the number of samples received, N, is the number of sub-carriers, T is a
time delay in the interval [0; N, — 1] and T € Z, and x is the received signal [61]. The

covariance matrix R is then formed as follows [61]:

r(0) r(1) r(N.—2) r(N.—1)
R 1’*(1) 1’(0) . r(NC.— 3) T(NC.— 2) 2.7)
r*(Ne. —1) r*(N¢) r*(1) r(0)

This next step is to perform eigenvalue decomposition on the matrix. This produces

the diagonal matrix Rgq, which contains the eigenvalues [61]:
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(2.8)

=
(=W
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o

where A1, A,,..., Ay, are the eigenvalues representing signal and noise, and o7 is
the variance of the noise [60,61]. Normally, A; > 0’13, Viel,2,...,N:. [61]. As Ryq
contains N, eigenvalues that are larger than 07, the number of sub-carriers can be

determined [61].

The problem is that this algorithm uses the number of sub-carriers (N,) in its calcula-
tions, but this is the value that needs to be calculated [61]. The solution to this is to
start the algorithm with an estimation of the number of sub-carriers and iterate until a

viable solution appears [61].

2.14 Conclusion

In this chapter, it was shown that there are several existing AMC techniques that
employ a variety of methods to achieve their goal. Out of these methods, there are
few that focus on OFDM signals. These AMC techniques are tested in a variety
of channel models, but mainly AWGN channels; these channel models were also
discussed. The theoretical background behind OFDM signals was discussed and the
related modulation parameters and their typical values given. Tests for determining

the presence of OFDM signals and the parameters of these signals were shown.
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These tests will be implemented and evaluated in the following chapter. Improvements

to and novel uses of these tests will also be provided.
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Initial Experiments

This chapter will explore the tests provided in Sections 2.8 and 2.12 by means of experiments in
a simulated environment. The results are also given and discussed. Improvements to and novel

uses of these tests will also be explored.

3.1 General Experimental Setup

The tests were performed in a simulation environment using MaTLAB® R2018a. The
test setup as developed by the author will now be explained. The MaTtLAaB® Com-
munications System Toolbox was used to generate random signals and to send them
through AWGN channels of varying SNR as described in each section. A diagram of
the experimental setup is shown in Figure 3.1. In each case, the baseband signal was
used, and the signal was synchronised. The number of symbols used in each test is
described in each section. The components of the experimental setup will be discussed

below.

Random M-QAM/M-PSK > OFDM > >
— channel

test
data source modulator _Q, modulator _Q, _Q, s

Figure 3.1: The experimental setup.
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3.1.1 Random Data Source
Randomly generated data is used as the input to the system. This data is generated

using the randi MaTLAB® function. It generates a stream of pseudorandom integers in

the range [0; M| where M is the modulation order of the M-QAM/M-PSK modulator.

3.1.2 M-QAM/M-PSK modulator
The M-QAM/M-PSK modulator maps these integers to the different modulation

symbols in an I/Q stream. This is implemented using the comm.QPSKModulator,

comm. PSKModulator and comm.RectangularQAMModulator MATLAB® system objects.

3.1.3 OFDM modulator

The OFDM modulator maps these symbols onto OFDM symbols. This is implemented

using the comm.0FDMModulator MATLAB® system object.

3.1.4 Channel

The signal is then sent through an AWGN channel. This is implemented using the

awgn MATLAB® function. The SNR of the channel is varied, as described in each section.

3.1.5 Test

Finally, the signal is subjected to the appropriate test as described in each section.
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3.2 Single-carrier vs Multi-carrier

The Giannakis-Tsatsanis test can be used to determine if a received signal is single-
carrier or multi-carrier based, as explained in Section 2.12. In this section, the test will

be performed using the MATLAB® code provided in [59].

3.2.1 Experimental Setup

The original Giannakis-Tsatsanis test [57] has been simplified and implemented by

Akmouche [58] and has been further simplified by Azarmanesh [59].

The algorithm and related equations, as explained in Section 2.12, were implemented

using the MaTLAB® code provided by [59]. This test follows the following procedure:

1. Compute the fourth-order cumulant of both the real and imaginary parts of the

received signal.
2. From the vectors ¢, and ¢; from these cumulants.
3. Compute the covariance matrices of these vectors.

4. Compare this covariance value to a threshold.

Generated signals of various modulations were generated and sent through AWGN
channels with an SNR of both 30dB and 10dB. In each case, the test was performed

on 512 random samples, and each test was repeated 100 times.

3.2.2 Understanding the Results

Figure 3.2 shows an example of the results of the Giannakis-Tsatsanis test as done in
this section. The horizontal line is the threshold for this example. Everything above the

line represents signals that are determined to not be OFDM and everything below the
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line represents signals that are determined to be OFDM. The top rectangle represents
signals that were correctly identified as not being OFDM and the bottom rectangle
represents signals that were identified as being OFDM but are in fact not OFDM. This

is known as a false positive or type I error [62].
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Figure 3.2: Example of the results of the Giannakis—Tsatsanis test.

3.2.3 Results and Interpretation

The test was first performed on the same modulations as in the original paper [58], i.e.
BPSK, QPSK, 16-QAM, 256-QAM and 32-OFDM. The results obtained in the tests are
shown in Figure 3.3 and Table 3.1. Modulation techniques indicated with an asterisk (*)
were evaluated in the original paper [58]. As can be expected, the test yielded similar
results. However, when this test is performed on other modulation techniques, it
can not successfully distinguish OFDM from these modulation techniques. The only
other modulation technique on which this test was successful is 64-QAM. The effect
of a different number of OFDM sub-carriers was also evaluated. The test works by

thresholding parameter dg4. Table 3.2 shows the accuracy of this test for the case where
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the threshold of dgy is set to 1000 and in a 30dB AWGN channel. This value was
chosen visually from Figure 3.3. The run-time for the tests in Table 3.2 (100 iterations
for each modulation scheme, a total of 1500 iterations) is 8 seconds (using an Intel
i7-7700) — this will become important in Section 3.6. As can be seen from the results,
not all modulation techniques can be distinguished from OFDM with this test. If the
test was able to successfully distinguish non-OFDM signals from OFDM signals, a
clear vertical separation would have been seen in Figure 3.3. An example of that this

looks like will be seen later in Figure 3.16a.

Table 3.1: Results of the Giannakis—Tsatsanis Test.

average dg4 value in channels
Modulation AWGN 10dB  AWGN 30dB

FSK 16 12
8-FSK 46 13
GMSK 150 146
*BPSK 4512 7631
*QPSK 4191 7319
8-PSK 41 30
16-PSK 39 26
*16-QAM 2417 2624
32-QAM 248 260
64-QAM 2117 2042
128-QAM 242 244
*256-QAM 2149 2058
*32-OFDM 212 222
64-OFDM 218 215
128-OFDM 190 175

*Modulation techniques evaluated in the
original paper [58]

3.2.4 Conclusion

From these results, it can be seen that the Giannakis—Tsatsanis test can be successfully

used to distinguish OFDM from BPSK, QPSK, 16-QAM, 64-QAM and 256-QAM, but
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it cannot distinguish OFDM from 2-FSK, 8-FSK, GMSK, 8-PSK, 16-PSK, 32-QAM and
128-QAM. This makes it unsuitable for determining the presence of OFDM.

Table 3.2: Accuracy of the Giannakis—Tsatsanis Test.

% results

Modulation OFDM not OFDM

FSK
8-FSK
GMSK
*BPSK
*QPSK
8-PSK
16-PSK
*16-QAM
32-QAM
64-QAM
128-QAM
*256-QAM
*32-OFDM
64-OFDM
128-OFDM

100
100
100

100
100

100

100
4
99
99
100

100
100

100

100

—_

*Modulation techniques evalu-
ated in the original paper [58]

33



Initial Experiments

. T A
: ke T - —— =]
- +—— [ F———
- #+ - F— .
- ++H+=—] F——4 .
- +H—F— .
- +-— [ ]—+ .
- +—TF4 .
- +H-— [ ]
- H+++——- [ H
i+ — ] .
i — [~ .
- +—— [ F—+ .
L 4]
- 1

Chapter 3

10* F

102 |

(e}
—

7Op JO senfep

INAA0-8TT
INAAO-F9
INAAO-CE«
INVD-9GT4
INVD-82T
VD9
INVD-cE
INVO-9Tx
MSd-9T
MSd-8
MSdO«
MSddx
MSIND

MSA-8

- S

(a) 30dB SNR AGWN channel.

P i e
: R L
- e e e I et
-+ H- 4 .
L -] |-———= -
- +r{[]—+ .
- - []-———4 .
S i B .
: e
: s B
e B .
TR | oy g 4
- +H—— [ === A
: = T}~
L +—{ T}
oY B z

7Op JO senfep

INAA0-8TT
INAAO-F9
INAIO-CE«
INVOD-9GT4
INVD-82T
VD79
NVD-cE
INVO-9Tx
MSd-9T
MSd-8
MSdO«
MSddx
SMSIND
MSJI-8

S

(b) 10dB SNR AGWN channel.

Figure 3.3: Box plots for the results of 100 Giannakis—Tsatsanis tests on different
modulation techniques. Modulation techniques indicated with an asterisk (*) were

evaluated in the original paper [58].
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3.3 Number of Sub-carriers Using MUSIC

3.3.1 Experimental Setup

The algorithm and related equations, as explained in Section 2.13, were implemented
in MATLAB®. The MaTLAB® implementation of the algorithm was done by the author.

The specific way of visually interpreting the results was also done by the author.

This test follows the following procedure:

1. Calculate the covariance terms as in (2.6).
2. Populate the covariance matrix R as in (2.7).
3. Perform eigenvalue decomposition on R, resulting in Rq as in (2.8).

4. Plot the resulting eigenvalues that form the diagonal of Rgq.

This procedure is then repeated for different initial value estimations for the sub-
carriers (M) until the actual number of sub-carriers (N,) is found. This condition is

explained in Section 3.3.2.

The interpretation of these plots, as developed by the author, is described in Section

3.3.3.

The MatLaB® Communications System Toolbox was used to generate an OFDM
signal. Tests were performed with different numbers of sub-carriers, as well as various
combinations of the number of sub-carriers in use. The number of sub-carriers tested
are N, € {16,32,64,128,256}. In each test, 100 OFDM symbols were used. After being
sent through an AWGN channel with an SNR of 30 dB, the received signal was tested
to see if the number of sub-carriers can be determined. As shown in Section 2.13, the
test requires that an estimate of the number of sub-carriers is given. Runs were done
with this estimate being smaller than, equal to, and larger than the actual number of

sub-carriers in order to see how the test responds to these different initial values.
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3.3.2 Understanding the Results

The crux of this method, as well as the key to understanding the results, can be seen
by comparing Figures 3.4b and 3.4c. For values of Ts,, where M < N, the resulting
plot will be similar to Figure 3.4b and for values of M where M > N, the resulting
plot will be similar to Figure 3.4c. From this the value of N; can then be determined

by examining a series of plots for different values of M.

3.3.3 Results and Interpretation

In order to interpret the results of the test, the eigenvalues resulting from the tests were
plotted. Figure 3.4 shows the results where the number of sub-carriers (N,) is 64 and
different initial value estimations for the sub-carriers (M) were used. Figure 3.5 shows
the results of the test for 128 sub-carriers. The test is repeated in Figure 3.6 for 256
sub-carriers. In these tests, no guard carriers were used; therefore, all the sub-carriers

carried data.

From these graphs, it can be seen that for M > N, the graph produces a sharp point at
N¢, but there are no sharp points produces for M < N,. This does however not hold
for M > N, and it only works for up to about M ~ N, + 10. This means that the
initial value estimate used for the number of sub-carriers should be reasonably close
in order for the test to work. Additionally, when all the sub-carriers are used, there is
a sharp point in the graph at M — N + 1. As can be seen in the graphs, the minimum
and maximum values are a lot more extreme when M = N, + 1. This can be used to

increase the confidence that the correct value for N, has been found.

In the paper detailing the test [61], no information is given about how the test will
react to the inclusion of guard carriers in the signal. The author has, however, through
experimentation discovered that this test could also be used to determine the use
of guard carriers in a signal. Figure 3.7 shows the results of the test for the case

where there are 4 guard-carriers (Ng), two on each side of the data. This means that
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there are 60 sub-carriers that contain data (IN;). As can be seen in the graphs, the
left sharp point moves to M — N; +1 when guard carriers are included and can,
therefore, be used to determine the number of sub-carriers that contain data and the
number of guard carriers. The sharp point at the right side of the graph remains at
the same point, indicating the total number of sub-carriers. Figure 3.8 shows this test
for 128 sub-carriers and 8 guard bands. In Figure 3.9 the test is done for 256 sub-
carriers and 16 guard bands. It can also be seen that the left point is less pronounced
when M = N; + 1 than when M ~ N, + 10, but the inverse is true for the right
point. Therefore, it would be best to determine the total number of sub-carriers when
M = N;+ 1 and to determine the number of sub-carriers use when M ~ N, + 10.
This only appears to work on signals with symmetrical guard carriers where the same

amount of guard carriers are present at both ends of the spectrum.

This test requires more iterations to be able to detect a higher number of sub-carriers.
Each iteration also requires more computations than the previous one. The complexity
of this algorithm is approximately O(n%). This makes the test unpractical for large
numbers of sub-carriers. On the computer that was used for this test (Intel i7-7700,
16 GB RAM), a single iteration of the test took 222 seconds with N, = 256 and Ns = 200.

The test would therefore not be practical on a PC for more than 256 sub-carriers.

3.3.4 Conclusion

As can be seen from these results, this test can be successfully used to determine both
the total number of sub-carriers and the number of sub-carriers in use for an OFDM
signal. This is done by a visual examination of a graph of the results as outlined above.
The next step would be to write an algorithm that can perform this test automatically
by interpreting the results of the test. This was, however, not done, because a more

computationally efficient test was developed in Section 3.4.
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Figure 3.4: Results of the MUSIC sub-carrier test for N. = 64, all sub-carriers used.
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Figure 3.4: Results of the MUSIC sub-carrier test for N. = 64, all sub-carriers used.
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Figure 3.5: Results of the MUSIC sub-carrier test for N. = 128, all sub-carriers used.
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Figure 3.5: Results of the MUSIC sub-carrier test for N. = 128, all sub-carriers used.
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Figure 3.6: Results of the MUSIC sub-carrier test for N. = 256, all sub-carriers used.
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Figure 3.6: Results of the MUSIC sub-carrier test for N. = 256, all sub-carriers used.
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Figure 3.7: Results of the MUSIC sub-carrier test for N. = 64, N, = 4.
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Figure 3.7: Results of the MUSIC sub-carrier test for N. = 64, N, = 4.
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Figure 3.8: Results of the MUSIC sub-carrier test for N. = 128, Ny = 8.
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Figure 3.8: Results of the MUSIC sub-carrier test for No = 128, N, = 8.
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Figure 3.9: Results of the MUSIC sub-carrier test for N. = 256, N, = 16.
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Figure 3.9: Results of the MUSIC sub-carrier test for N. = 256, N, = 16.
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3.4 Number of Sub-carriers Using pMUSIC

3.4.1 Introduction

As the algorithm used in Section 3.3 uses the MUSIC algorithm to compute the answer,
an optimisation of the algorithm was developed by the author using the MATLAB®
function pmusic, which computes the pseudospectrum using the MUSIC algorithm.
The test has the same limitation as the original test in that it needs an initial value for
the number of sub-carriers before it can determine the number of sub-carriers. As in

the original test, this can be solved by iterating over a number of initial values. It does,

however, perform significantly faster than the original algorithm.

3.4.2 Experimental Setup

The pmusic function as used in this section is a numeric way of calculating the MUSIC
algorithm as explained in Section 2.13 with the trade-off that it is less computationally

intensive, but produces less accurate results.

The MarLaB® Communications System Toolbox was used to generate an OFDM signal.
Tests were performed with different numbers of sub-carriers. In these tests, 100 and
300 OFDM symbols were used. After being sent through an AWGN channel with an
SNR of 30dB, as well as 10dB, the received signal was tested to see if the number of

sub-carriers can be determined.

Listing 3.1 shows the algorithm used in the test. In line 2, the pseudospectrum is
calculated using the MUSIC algorithm. In line 3, the peaks of this spectrum are located,

which are then counted in line 4.

Due to the iterative nature of the test, the test needs to be repeated over a range of
values. This is done with variable i and the for-loop in lines 1 and 5 of the listing.

The test reaches a result when a number of consecutive inputs give the same output.
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This consistent output is the number of sub-carriers. This is done by determining the
mode and frequency of the modal value of the output in line 6. The modal frequency

required for a result is a threshold value that has to be determined experimentally.

Listing 3.1: MaTLAB® code for the pMUSIC based algorithm

for 1i=1:150
[S,w] = pmusic(receivedSignal, i, 2048);
[pks,locs] = findpeaks(S);
carriersdet(i) = length(pks);

end

[M,F] = mode(carriersdet);

3.4.3 Understanding the Results

Figure 3.10 shows an example of the results of the pMUSIC test as done in this section.
The test works by comparing an estimated (initial) value to a test result corresponding
to an actual value. At a certain point in the test, the test result stabilizes on an actual
value over a range of initial values. This is shown in the rectangle in Figure 3.10. This

stable test result is the number of sub-carriers (N;) as determined by the test.

3.4.4 Results and Interpretation

Figure 3.11 shows the results of the test for various values of the number of sub-
carriers (N;) and the number of symbols (Ns). In these tests, the initial value was swept
from 1 to 150 while the output of the test was observed. As can be seen in the results,
the output stabilises at a value if the input is close to the correct value for the number
of sub-carriers. This behaviour can also be used to save time by stopping the test when
the output stabilises instead of testing all the values. The accuracy of the test will be

quantified in Chapter 4.
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Figure 3.10: Example of the results of the pMUSIC test.

Figure 3.12 shows the results when guard carriers are used. From this, it can be seen
that the test does not perform well when guard carriers are used. The output of this
test, as seen on the y-axis does not stabilise as in the case where guard carriers are not

used.

In some cases, the test determines the number of sub-carriers to be one less than the
actual value. The frequency of this occurrence is discussed in Section 4.1. This can be
solved by defining a limited solution space, in this case, N, € {16,32,64,128,256}, and

discarding or rounding values outside the solution space.

To successfully detect a higher number of sub-carriers, a higher number of samples are

required. This can be seen by comparing Figures 3.11c and 3.11d.

Recall that a single iteration of the MUSIC test took 222 s. By comparison , a single
iteration of the pMUSIC test under the same conditions (N, = 256, N; = 200) took 4

seconds. Therefore, this test performs significantly faster.
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3.4.5 Conclusion

This test can be successfully used to determine the number of sub-carriers present
in an OFDM signal and requires significantly less time than the MUSIC algorithm
implemented in Section 3.3. It does not, however, perform well when all the sub-carriers

are not used.
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Figure 3.11: Results of the pMUSIC test.
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Figure 3.11: Results of the pMUSIC test.
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Figure 3.12: Results of the pMUSIC test using guard carriers. SNR = 30dB, N, = 4
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Figure 3.12: Results of the pMUSIC test using guard carriers. SNR = 30dB, Ny = 4
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3.5 Sub-carrier Spacing Using pMUSIC

It was also determined that the pMUSIC algorithm used in Section 3.4 could also be
used to determine the location of the OFDM sub-carriers. This test was developed by

looking at the location of the peaks in the pseudospectrum.

3.5.1 Experimental setup

The experimental setup for this test is the same as for the previous test. The algorithm

differs in that it uses the location of the MUSIC peaks instead of the number of peaks.

3.5.2 Results and Conclusion

The results of the test can be seen in Figure 3.13. The spectrum of the signal is shown,
and the detected positions of the sub-carriers are indicated by the stars. It can be seen

that this test can successfully determine the locations of the sub-carriers.
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Figure 3.13: Sub-carrier spacing using pMUSIC.
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3.6 Using pMUSIC to Determine if OFDM is Present

Because the Giannakis-Tsatsanis test performed in Section 3.2 was not successful, the
behaviour of the pMUSIC test as performed in Section 3.4 on signals that are not
OFDM was explored to see if this test can be used to determine the presence of OFDM
in an SOI. As the non-OFDM signals do not contain any sub-carriers, it can be expected
that testing these signals for the number of sub-carriers will yield an inconclusive

result; therefore, this test was developed by the author.

3.6.1 Experimental Setup

The experimental setup for this section is the same as in Section 3.2, but the pMUSIC
test was applied to the signals instead of the Giannakis—Tsatsanis test. This test was

additionally performed on 16-FSK and 32-FSK signals as well.

The test that was developed works as follows. The modal frequency is compared to a
threshold value. If the modal frequency is above the threshold, the signal is determined
to be OFDM, but if the modal frequency is below or equal to the threshold, the signal is
determined not to be OFDM. The threshold value is to be determined experimentally.

3.6.2 Determining the Modal Frequency Threshold

Determining the value to be used for the modal frequency is a trade-off between type
I and type II errors, where a type I error would be saying that a signal is not OFDM
when it is OFDM (false positive), and a type II error would be saying that a signal is
OFDM when it is not OFDM (false negative) [62].

Table 3.3 shows the percentage of times a signal was identified as OFDM for different
modal frequencies from 1 to 15. This was done in a 30 dB AWGN channel. Table 3.4

and Figure 3.14 shows the percentage of each error type in these results. From this it
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can be seen that the least errors are made when using a modal frequency threshold of

7; therefore, this will be used in the remainder of this experiment.

Table 3.3 also shows the true positive rate (TPR) and false positive rate (FPR) of each
modal frequency which is then used to graph the receiver operating characteristic

(ROC) curve as shown in Figure 3.15. An ROC curve is a visual way of showing the

Table 3.3: Percentage of signals identified as OFDM using a specific modal frequency.

modal frequency 1 2 3 4 5 6 7 8
FSK 100 100 99 78 45 21 12 7
8-FSK 100 100 100 8 45 18 5 2
GMSK 100 100 9 60 18 12 4 1
BPSK 100 100 100 8 42 13 3 1
QPSK 100 100 95 49 15 1 1 0
8-PSK 100 100 97 46 15 4 0 O
16-PSK 100 100 92 55 21 6 1 1
16-QAM 100 100 90 44 17 4 1 0
32-QAM 100 100 93 49 13 4 2 0
64-QAM 100 100 93 45 21 3 1 1
128-QAM 100 100 98 52 12 0 0 O
256-QAM 100 100 95 45 13 2 1 0
32-OFDM 100 100 100 100 100 100 100 100
64-OFDM 100 100 100 100 100 100 100 100
128-OFDM 100 100 100 100 100 99 97 89
modal frequency 9 10 11 12 13 14 15
FSK 3 1 1 0 0 0 O
8-FSK 1 0 0o O o0 0 O
GMSK o o0 o o0 o0 o0 ©0
BPSK o o0 o o0 o0 o0 O
QPSK o o0 o o0 o0 o0 O
8-PSK o o o o0 0 o0 ©0
16-PSK o o o o0 0 o0 ©0
16-QAM o o0 o 0 0 o0 ©0
32-QAM o o0 o 0 o0 o0 O
64-QAM o o0 o o0 o0 o0 ©0
128-QAM o o o o0 o0 o0 ©
256-QAM o o o o0 0 o0 ©0
32-OFDM 9 97 91 87 83 77 69
64-OFDM 100 100 100 100 100 100 100
128-OFDM 76 65 58 49 38 34 22
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accuracy of a binary classifier [63]. An ideal classifier would have an ROC curve that
passes through the point (0,1) [63]. This ROC is near to the ideal case, showing that

the classifier has a high accuracy. This accuracy is quantified later in Table 3.6.

Table 3.4: Percentage of errors using a specific modal frequency.

modal frequency typel typell combined TPR FPR

1 0 100 50 0 0

2 0 100 50 0 0

3 0 95.7 47.8 004 O

4 0 57.8 28.9 042 0

5 0 23.1 11.5 077 0

6 0.3 7.3 3.8 093 0

7 1.0 2.6 1.8 097 0.01
8 3.7 1.1 24 099 0.04
9 8.3 0.3 4.3 1 0.08
10 12.7 0.1 6.4 1 0.13
11 17.0 0.1 8.5 1 0.17
12 21.3 0 10.7 1 0.21
13 26.3 0 13.2 1 0.26
14 29.7 0 14.8 1 0.30
15 36.3 0 18.2 1 0.36

3.6.3 Understanding the Results

The results of this test are presented and interpreted in the same way as the test done

in Section 3.2.
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3.6.4 Results and Conclusion

The results of 100 iterations of this test on various different modulation schemes
are shown in Figure 3.16 and Table 3.5. It was determined that a threshold modal
frequency of 7 could be used to distinguish OFDM signals from non-OFDM signals
in a 30dB SNR AWGN channel. This can also be seen in Figure 3.16a where there is
a clear horizontal separation between the OFDM and non-OFDM signals. However,
the test does not perform well in a 10 dB environment. It can be seen in Figure 3.16b
that there is practically no horizontal separation between the OFDM and non-OFDM

signals.

One shortcoming of this test is because it is iterative, an inconclusive result does not
guarantee the absence of an OFDM signal as it can also mean that an OFDM signal is
present that contains more sub-carriers that the maximum value of the iteration. This
can be solved by limiting the solution space to OFDM signals where N, € {1,...,n}.
In this case, n = 150.

Table 3.6 shows the accuracy of this test for the case where the threshold of the
modal frequency is set to 7 and in a 30dB AWGN channel. This value was chosen
in Section 3.6.2. In comparing Table 3.6 to Table 3.2, it can be seen that the pMUSIC
based test can distinguish OFDM from amongst more modulation schemes than the
Giannakis—-Tsatsanis test can. This increased versatility comes at a significant cost,
namely computational complexity. The run-time for all of the tests in Table 3.6 (100
iterations for each modulation scheme, a total of 1500 iterations) was approximately 3
hours while the run-time for the tests in Table 3.2 is 8 seconds (using an Intel i7-7700).
It can be argued that this trade-off is worth it considering the increase in versatility,

but it will need to be evaluated for the scenario in which the test is used.

Therefore, this test can be successfully used to determine the presence or absence of an

OFDM signal within a predefined scope.
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(b) 10dB SNR AGWN channel.

Figure 3.16: Box plots for the results of 100 pMUSIC tests on various different modula-

tion types.

65



Chapter 3 Initial Experiments

3.7 Conclusion

In this chapter, several methods for blindly determining the parameters of an OFDM
signal were explored and evaluated. It was determined that the Giannakis—Tsatsanis
test cannot be used to distinguish OFDM signals from several other modulation
techniques. A MUSIC algorithm based test to determine the number of sub-carriers
present in an OFDM signal was also evaluated. A shortcoming of this test, namely
that it is computationally intensive, was addressed by improving the test to use the
MaTLAB® pmusic function. This greatly reduced the computational complexity of
the test. Finally, it was determined that this pMUSIC algorithm could also be used
to determine the presence of OFDM, thereby addressing a shortcoming of existing

methods by developing a suitable method.
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Table 3.5: Results of the pMUSIC test to determine the presence of OFDM.

average modal frequency
Modulation AWGN 10dB  AWGN 30dB

FSK 4.8 5.7
8-FSK 5.9 5.6
16-FSK 4.6 5.5
32-FSK 4.9 5.4
GMSK 4.6 4.9
BPSK 4.9 5.4
QPSK 45 4.6
8-PSK 45 4.6
16-PSK 47 4.8
16-QAM 44 4.6
32-QAM 47 4.6
64-QAM 4.6 4.6
128-QAM 4.8 4.6
256-QAM 45 4.6
32-OFDM 5.5 16.9
64-OFDM 4.2 27.7
128-OFDM 43 135
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Table 3.6: Accuracy of the pMUSIC test to determine the presence of OFDM.

% results
Modulation OFDM not OFDM

FSK 12 88
8-FSK 5 95
16-FSK 8 92
32-FSK 11 89
GMSK 4 9%
BPSK 3 97
QPSK 1 99
8-PSK - 100
16-PSK 1 99
16-QAM 1 99
32-QAM 2 98
64-QAM 1 99
128-QAM - 100
256-QAM 1 99

32-OFDM 100 -
64-OFDM 100 -
128-OFDM 97 3
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Experiments in Various Channels

In this chapter, the pMUSIC test of the previous chapter will be further explored by examining
the effects of different test conditions and different channels on the accuracy of the test. The
reason for focusing on the pMUSIC test and not the other tests is that the pMUSIC test has
been developed in this study, while the others are existing tests. The first thing that will be
examined is the effect that both the inner modulation of the OFDM signal and the effect of
the number of OFDM samples being tested have on the accuracy of the test. Next, the effects
of different channels will be considered. The test will be repeated in AWGN channels with
different SNRs, as well as in different TDL channel models.

4.1 Experiments in an Ideal Channel

The purpose of this section is to determine the effect of different inner modulations,
as well as the number of OFDM symbols being tested (N;), on the accuracy of the
pMUSIC test.
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4.1.1 Experimental Setup

The test performed in Section 3.4 were repeated under different conditions to examine
the performance of this test in these conditions. The tests were performed in an
ideal channel because it is not the effect of the channel that is being considered
here, but rather other test parameters. The test looked at the effects of different
inner modulations and the number of OFDM samples being tested. For the inner
modulations, QPSK, 16-QAM and 64-QAM were considered. This is because these are
common inner modulations for OFDM signals as discussed in Section 2.9. For this
experiment, N; € {50,100,200} and N, € {16,32,64,128}. The tests were repeated 100

times for each combination of these conditions.

4.1.2 Results and Conclusion

Table 4.1 shows the results of each of the different combinations of inner modulation,
number of symbols, and the number of sub-carriers. The left side of the table shows
the inner modulation of the OFDM signal, the number of symbols used in the test
and the number of sub-carriers in the OFDM signal. The right side of the table shows
the percentage of times that the test result was in each of the categories, where these

categories are:

1. Less than the actual number of sub-carriers minus one.
2. Equal to the actual number of sub-carriers minus one.
3. Equal to the actual number of sub-carriers.

4. Equal to the actual number of sub-carriers plus one.

5. Greater than the actual number of sub-carriers plus one.

The results are also summarised per parameter in Table 4.2. This summary is visualised

in Figures 4.1 to 4.3. These figures show histograms of the result of the test, where in
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each case one of the test parameters were varied. In Figure 4.1, the inner modulation

is varied, in Figure 4.2, N; is varied, and in Figure 4.3, N, is varied.

As mentioned in Section 3.4.4 and as can be seen in the results of the test, off-by-one
errors are fairly common for this test, especially N. — 1 errors. This is due to the
pseudo nature of the algorithm. This problem can be solved by limiting the solution
space, for example, in this case, N € {16,32,64,128}. The last column in Table 4.2
shows the results if off-by-one errors are calculated as correct. These results can lead

to insights that are not as easily seen from the other results.

From these results, we can see that the inner modulation of the OFDM signal does
not have a significant impact on the accuracy of the tests. The inner modulation will,

therefore not be evaluated again in future tests.

It can also be seen that the accuracy of the test increases as the number of samples being
tested increases. This is especially clear in the case of N. =1 in Table 4.2. It should
also be noted that this only holds up to a certain point. The number of samples cannot
be increased indefinitely to increase accuracy. Looking at N, = 16 and N, = 32 it can
be seen that an increase has no significant effect, but the effect becomes significant as

the number of sub-carriers increase.

Finally, it can be seen that the accuracy decreases as the number of sub-carriers increase.
This is probably linked to the previous observation in that a certain number of sub-
carriers require a certain number of samples in order to be accurate, but increasing the
number of samples beyond this point does not provide any benefit. It should also be

noted that the off-by-one errors increase as the number of sub-carriers increase.
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Table 4.1: Results of pMUSIC tests in an ideal channel.

Actual Results of the test (% of iterations)
Inner Modulation Ny N; | <N.—1 N.—1 N, N.+1 >N.+1
QPSK 50 16 2 17 75 3 3
16-QAM 50 16 1 8 89 1 1
64-QAM 50 16 2 5 80 8 5
QPSK 100 16 13 87
16-QAM 100 16 13 87
64-QAM 100 16 16 84
QPSK 200 16 15 85
16-QAM 200 16 16 84
64-QAM 200 16 13 87
QPSK 50 32 2 25 70 3
16-QAM 50 32 2 24 62 8 4
64-QAM 50 32 3 28 61 6 2
QPSK 100 32 28 70 2
16-QAM 100 32 26 72 2
64-QAM 100 32 28 72
QPSK 200 32 25 75
16-QAM 200 32 35 65
64-QAM 200 32 27 73
QPSK 50 64 6 31 51 9 3
16-QAM 50 64 4 32 49 13 2
64-QAM 50 64 5 36 47 6 6
QPSK 100 o4 43 56 1
16-QAM 100 64 40 60
64-QAM 100 64 49 50 1
QPSK 200 64 56 44
16-QAM 200 64 59 41
64-QAM 200 64 56 44
QPSK 50 128 10 34 40 12 4
16-QAM 50 128 24 24 32 14 6
64-QAM 50 128 16 41 25 11 7
QPSK 100 128 1 73 24 2
16-QAM 100 128 64 36
64-QAM 100 128 1 70 27 2
QPSK 200 128 82 18
16-QAM 200 128 81 19
64-QAM 200 128 80 20
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Table 4.2: Summary of results of pMUSIC tests in an ideal channel.

Actual Results of the test (% of iterations)
| <Ne—1 N.—1 Ne Ne+1 >Ne+1|Ne+1
= _g g QPSK 1.8 36.8 57.9 2.7 0.8 97.4
gcza = 16-QAM 2.6 35.2 58.0 3.2 1.1 96.4
= = = 64-QAM 2.3 374 558 2.8 1.7 96
50 6.4 254 56.8 7.8 3.6 90
= 100 0.2 38.6 60.4 0.8 99.8
200 454 54.6 100
16 0.6 129 84.2 1.3 1.0 98.4
o 32 0.8 27.3 68.9 2.3 0.7 98.2
< 64 1.7 447 49.1 3.3 1.2 97.1
128 5.8 61.0 26.8 4.6 1.9 924
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Figure 4.1: Results of pMUSIC tests in an ideal channel per inner modulation.
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Figure 4.2: Results of pMUSIC tests in an ideal channel per number of symbols.
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Figure 4.3: Results of pMUSIC tests in an ideal channel per number of sub-carriers.
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4.2 Experiments in AWGN Channels

The purpose of this section is to determine the effect of different SNR values in an

AWGN channel on the accuracy of the pMUSIC test. The effect of N; is also revisited.

4.21 Experimental Setup

For this section, the tests of Section 4.1 were repeated in AWGN channels. The AWGN
channel of the MaTLAB® Communications System Toolbox was used for these tests.
This test looked at the effect of 30dB, 20dB and 10 dB SNR AWGN channels of the
accuracy of the test. For this experiment, N; € {100,200} and N, € {16,32,64,128}.
An inner modulation of 16-QAM was used. The tests were repeated 100 times for each

combination of these conditions.

4.2.2 Results and conclusion

Table 4.3 shows the results of each of the different combinations of SNR, the number
of symbols, and the number of sub-carriers. The left side of the table shows the inner
modulation of the OFDM signal, the number of symbols used in the test and the
number of sub-carriers in the OFDM signal. The right side of the table shows the
percentage of times that the test result was in each of the categories, where these

categories are:

1. Less than the actual number of sub-carriers minus one.
2. Equal to the actual number of sub-carriers minus one.
3. Equal to the actual number of sub-carriers.

4. Equal to the actual number of sub-carriers plus one.

5. Greater than the actual number of sub-carriers plus one.
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The results are also summarised per parameter in Table 4.4. This summary is visualised
in Figures 4.4 to 4.6. These figures show histograms of the result of the test, where in
each case one of the test parameters were varied. In Figure 4.4, the SNR of the AWGN

channel is varied, in Figure 4.5, N; is varied, and in Figure 4.6, N is varied.

From these results, it can be seen that the test performed well in the 30dB AWGN
channel, and resonantly well in the 20dB AWGN channel, but it performed very
badly in the 10dB AWGN channel. This means that an understanding of the channel
conditions is required in order to understand the accuracy of the test. As in the
previous case, the accuracy increased as N; increased, and the accuracy decreased as

N, increased. The off-by-one errors also increased as N, increased.
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Table 4.3: Results of pMUSIC tests in AWGN channels.

Actual Results of the test (% of iterations)
SNR N; N.|<Ne—1 N.—1 N Ne+1 >N:+1
30dB 100 16 13 85 2
20dB 100 16 10 86 3 1
10dB 100 16 14 9 17 9 51
30dB 200 16 12 88
20dB 200 16 17 83
10dB 200 16 6 9 48 12 25
30dB 100 32 22 78
20dB 100 32 2 17 74 6 1
10dB 100 32 49 3 3 5 40
30dB 200 32 37 63
20dB 200 32 28 71 1
10dB 200 32 43 10 11 8 28
30dB 100 64 48 52
20dB 100 64 17 22 32 10 19
10dB 100 64 49 2 2 47
30dB 200 64 58 42
20dB 200 64 1 32 61 6
10dB 200 64 57 4 3 36
30dB 100 128 2 50 41 5 2
20dB 100 128 45 3 2 7 43
10dB 100 128 64 36
30dB 200 128 73 27
20dB 200 128 25 22 17 17 19
10dB 200 128 68 32

Table 4.4: Summary of results of pMUSIC tests in AWGN channels.

Actual Results of the test (% of iterations)
| <N.—1 Ne—1 Ne Ne+1 >Ne+1 | Ne£1
& 30dB 0.3 39.1 59.5 0.9 0.3 99.5
= E-’ 20dB 11.3 18.9 53.3 6.3 10.4 78.4
o 10dB 43.8 39 10.6 4.9 36.9 19.4
" 100 20.2 16.4 39.3 4.1 20.0 59.8
200 16.7 24.8 429 3.9 11.7 71.7
16 33 11.7 67.8 4.3 12.8 83.8
o 32 15.7 19.5 50.0 3.3 11.5 72.8
64 20.7 26.7 322 3.5 17.0 62.3
128 34.0 247 145 4.8 22.0 44.0
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Figure 4.4: Results of pMUSIC tests in AGWN channels per SNR.
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Figure 4.5: Results of pMUSIC tests in AGWN channels per number of symbols.
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Figure 4.6: Results of pMUSIC tests in AWGN channels per number of sub-carriers.
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4.3 Experiments in TDL Channels - LTE

The purpose of this section is to determine the accuracy of the pMUSIC test under
more realistic channel conditions. This will be done by selecting one of the common
OFDM signals from Section 2.9 and performing the test using the parameters and test

conditions prescribed by the relevant standard.

4.3.1 Experimental Setup

For this section, the tests of the previous sections were repeated in the LTE channel
models. LTE was chosen as a test case because from the signals mentioned in Sec-
tion 2.9, and it is the only signal that has a variable number of sub-carriers and a
comparably low number of sub-carriers. The values for the sub-carrier spacing and

inner modulation used in this experiment are values typically found in an LTE signal.

The channel models used are the following SISO Rayleigh TDL models as described in
the LTE standard [47]:

¢ Extended Pedestrian A (EPA) model with 5 Hz maximum Doppler shift (fp)
¢ Extended Vehicular A (EVA) model with fp = 70Hz

* Extended Typical Urban (ETU) model with fp = 70Hz

The channel parameters used in the tests are the same as those proposed for the LTE

standard by 3GPP, release 15 [47].

From the channel models in the LTE standard, the SISO Rayleigh TDL models were
chosen above the AWGN and MIMO models, because AWGN channels were already
tested and MIMO channels are outside the scope of this study.

The channels were implemented using the comm.RayleighChannel system object from

the MaTLAB® Communications System Toolbox. The object was setup using the path
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gains, path delays and maximum Doppler shift from the LTE channel specification [47].

The sub-carrier spacing from the specification was also used.

The number of OFDM samples (N;) tested were 200. For this test, N, € {16,32,64,128}.
An inner modulation of 16-QAM was used as this is one of the inner modulations
used in LTE [40]. As shown in Section 4.1, the choice of inner modulation does not
have a significant impact on the results. The tests were repeated 100 times for each

combination of these conditions.

4.3.2 Results and Conclusion

The results of these are shown in Table 4.5 and summarised in Table 4.6. It is also

visualised in Figures 4.7 and 4.8.

From these results, it can be seen that the test performed reasonably well in the EPA
channel, while not performing very good in the EVA channel, and performing badly in

the ETU channel. The increase in N, produced similar results than in the previous test.

It should also be noted that the test tends to overestimate the number of sub-carriers in
these channels, with a significantly larger number of results in the > N + 1 bin than

in the previous test. This effect increases as the number of sub-carriers increase.
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Table 4.5: Results of pMUSIC tests in LTE channels.

Actual Results of the test (% of iterations)
Channel N.|<N;—1 N.—1 N. N:+1 >N:+1
EPA 16 14 86
EVA 16 1 11 75 5 8
ETU 16 7 4 44 13 32
EPA 32 1 28 65 2 4
EVA 32 3 13 40 22 22
ETU 32 1 7 26 19 47
EPA 64 35 49 6 10
EVA 64 5 14 18 19 44
ETU 64 7 4 8 13 68
EPA 128 8 30 32 17 13
EVA 128 17 21 14 16 32
ETU 128 5 3 5 5 82

Table 4.6: Summary of results of pMUSIC tests in LTE channels.

Actual Results of the test (% of iterations)
| <N.—1 Ne—1 N; Ne+1 >Ne+1 | Ne£1
& EPA 2.3 26.8 58.0 6.3 6.8 91.0
&9 EVA 65 148 368 155 265 | 67.0
S ETU 5.0 45 20.8 12.5 57.3 37.8
16 2.7 9.7 68.3 6.0 13.3 84
© 32 1.7 16.0 43.7 14.3 24.3 74
64 4.0 17.7 25.0 12.7 40.7 55.3
128 10.0 18.0 17.0 12.7 42.3 47.7
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Figure 4.7: Results of pMUSIC tests in LTE channels per channel scenario.
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Figure 4.8: Results of pMUSIC tests in LTE channels per number of sub-carriers.
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4.4 Comparison of Channels

The results for the different channels were compared for the case of a 16-QAM inner

modulation, and 200 OFDM symbols. This comparison is provided in Table 4.7.

Table 4.7: Comparison of results of pMUSIC tests in AWGN and multi-path channels.

Channel Results of the test (% of iterations)
<N:—1 N.—1 N N.+1 >N.+1|N:+£1
ideal 47.8 52.3 100
30dB SNR 45 55 100
20dB SNR 6.5 248 58 6 4.8 88.8
10dB SNR 43.5 4.8 15.8 5.8 30.3 26.3
EPA 2.3 26.8 58.0 6.3 6.8 91.0
EVA 6.5 14.8 36.8 15.5 26.5 67.0
ETU 5.0 45 20.8 12.5 57.3 37.8

It can be seen that under these conditions, the results are similar for the ideal channel
and the 30 dB AWGN channel. The 20dB AWGN channel also performed similarly
to the EPA LTE channel. The 10dB AWGN channel performed the worst of all the

channels tested.

This means that this test is not suitable in cases where the AWGN SNR is equal to or

worse than 10dB or where the conditions are comparable to the LTE ETU channel.

4.5 Conclusion

In this chapter, an in-depth examination was performed regarding the performance of
the pMUSIC test as developed in this study. It was noted to perform well in 30 dB and
20dB AWGN channels, as well as in EPA and EVA LTE channels.
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Verification and Validation

In this Chapter, the verification and validation of the work presented in Chapters 3 and 4 are

done. The various components of the experimental setup will be verified and validated.

5.1 Introduction

Verification and validation is the process of determining if a model and its output are
correct for its intended purpose [64,65]. More specifically, verification is determining
if the model and its implementation are correct, and validation is determining if the

model is sufficiently accurate and consistent for its intended application [64, 65].

The three specific verification and validation techniques used here as proposed
by [64,65] are Comparison to Other Models, Comparison Using Graphical Displays, and
Explore Model Behaviour.

The Comparison to Other Models technique consists of comparing the output of the
model being validated to the results obtained from a known model [64,65]. The
Comparison Using Graphical Displays technique is similar to Comparison to Other Models,

but the comparison is made graphically, rather than numerically or analytically [64, 65].
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In the Explore Model Behaviour, the output of the model is examined using various

qualitatively or quantitatively techniques [64, 65].

Referring back to Section 3.1, recall that the experimental setup is as shown in Figure 5.1.
Each component of this setup needs to be verified, and the output of the tests validated.

This will be done in the following sections.

Random M-QAM/M-PSK > OFDM > channel > test
data source modulator _Q, modulator _Q, _Q,

Figure 5.1: The experimental setup.

5.2 Verification of Random Data Source

The random data source is implemented using the randi MaTLAB® function as ex-

® random number generator has been extensively

plained in Section 3.1. The MATLAB
tested by [66], and although it does not exhibit perfect pseudorandom properties, it is

good enough for the purpose in which it is used here.

5.3 Verification of Inner Modulation

According to [67], the modulation of signals can be verified by plotting the constella-
tion diagrams of the modulated signals and comparing it to the expected result. A
constellation diagram is a diagram showing the in-phase and quadrature components
of a signal’s signal elements on a complex plane [32,68]. The amplitude and phase of
the signal elements can also be seen on the constellation diagram [32,68]. This concept

is shown in Figure 5.2.

Figure 5.3 shows the results of constellation plots of the modulation schemes used in

the absence of noise. By comparing this to the expected result as seen in [32, 68], it
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can be seen that it is correct. This verifies the modulators using the Comparison Using

Graphical Displays technique.
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Figure 5.2: The layout of a constellation diagram [68].
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Figure 5.3: The constellation diagrams of the inner modulations used in this study.
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5.4 Verification of OFDM Modulator

In order to verify that the generated OFDM signals are correct, the signal generated
by the MarLaB® Communications Toolbox was compared to the signal generated by
OFDM code from [10]. This setup is shown in Figure 5.4. For the test case, an OFDM
signal with N; = 64 and Ns = 100 was generated using both methods and compared.
In this case, the signal has a maximum magnitude of 0.4 and mean squared error
(MSE) of 5.51 x 10734, which means that the signals are functionally identical. The
small difference can be attributed to floating-point rounding errors. This verifies these

OFDM modulators using the Comparison to Other Models technique.

1 1
Random 16-QAM OFDM compare
data source modulator 9 toolbox Q signals
I1Q
1
L—»|
Q | OFDM code

Figure 5.4: OFDM verification process.

5.5 Verification of the AGWN Channel Model

An AWGN channel can be verified by plotting a distribution of the amplitudes of an
8-PSK that has been sent through the channel and seeing if the resulting data has a
Gaussian distribution [67]. This was tested for AWGN channels with an SNR of 30 dB
and 10dB, and the result can be seen in Figure 5.5. A modulation scheme of 8-PSK was
chosen as this is what is suggested by [67]. From this, it can be seen that the channel
does indeed exhibit the correct behaviour. This verifies the AWGN channel used using

the Comparison Using Graphical Displays technique.
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Figure 5.5: A distribution of the amplitudes of received 8-PSK symbols.
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5.6 Verification of the LTE Channel Models

The verification of the LTE channel models is done visually by looking at the impulse
and frequency responses of the channels and seeing if they vary over time and match
the expected result. The impulse and frequency responses at a point in time are shown
in Figures 5.6 to 5.8. When observing these responses over time, they can be seen to
change. They exhibit comparable responses than seen in similar graphs in [69] and
can, therefore, be veritied by Comparison Using Graphical Displays and Comparison to

Other Models.

5.7 Verification and Validation of the Giannakis—Tsatsanis

Test

The Giannakis-Tsatsanis test, as implemented in Section 3.2, can be both verified and
validated by the fact that similar results were obtained under similar conditions than
in the original paper [58]. This fact also contributes to the verification and validation
of the general experimental setup used throughout the study. The implementation of
this test was therefore verified and validated by reproducing published results and

using the Comparison to Other Models technique.

5.8 Validation of pMUSIC Algorithm

The validation of the pMUSIC algorithm is provided by the extended tests done in
Chapter 4. The fact that the test can produce accurate results across several iterations
under certain conditions shows that the test is accurate and consistent under these
conditions using the Explore Model Behaviour technique. Conversely, it also demonstrates
the conditions under which this test cannot perform accurately and will, therefore, not

be suitable as discussed in Section 4.4.
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Figure 5.6: The response of the LTE EPA channel at a point in time.
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5.9 Conclusion

In this chapter, the components of the experimental setup were verified and validated.

This was done to provide credibility to the experiments done in Chapters 3 and 4.
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Chapter 6

Conclusion

This chapter will conclude the study by revisiting the aim of the study as presented in Chapter 1,
summarising the results obtained in Chapters 3 and 4 and exploring future work to be done in

succession of this study.

6.1 Research Aim

As indicated in Chapter 1, the aims of this research were to:

1. Identify the applicable OFDM modulations

2. Identify the modulation parameters

3. Identify the appropriate tests for parameter extraction
4. Evaluate existing tests for parameter extraction

5. Develop or improve tests for parameter extraction

6. Perform experiments in increasingly realistic channels

Items 1 to 3 were addressed by means of an extensive literature study in Chapter 2.

A survey of commonly found OFDM signals was compiled and from this, the typical
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values for OFDM parameters were determined. The theoretical background of the

Giannakis-Tsatsanis test and MUSIC algorithm were also discussed.

Items 4 and 5 were addressed in Chapter 3 by evaluating the applicability of the
Giannakis—Tsatsanis test and MUSIC algorithm. An improvement to the MUSIC

algorithm was also made.

Item 6 was addressed in Chapter 4 by repeating the experiments of Chapter 3 in

various different channel models and observing the results.

6.2 Research Results

An extensive literature study was done in Chapter 2. An overview of related work
showed that there are few existing AMC techniques for OFDM signals. It also found
that AMC systems are most often tested in AWGN channels and seldom in multipath
fading channels. The theoretical background behind OFDM signals was discussed and
the related modulation parameters and their typical values given. Tests for determining

the presence of OFDM signals and the parameters of these signals were shown.

These tests were implemented in Chapter 3. It was found that the Giannakis-Tsatsanis
test cannot successfully distinguish OFDM from all single-carrier modulation schemes.
The MUSIC test was successfully implemented to determine the number of sub-carriers
in an OFDM signal, but it was found that it is too computationally complex to be
practically used. The novel use of the MUSIC algorithm to determine the presence
and number of guard carriers was also done. To address the complexity problem of
the MUSIC test, an improvement to this test was made and proposed as the pMUSIC
test. This test was able to successfully determine the number of sub-carriers in an
OFDM signal. It was also found that this developed pMUSIC test can be used to
determine the presence of OFDM from amongst more modulation schemes than the
Giannakis-Tsatsanis test can. This increased versatility comes at a significant cost,

namely computational complexity. This means that the pMUSIC test can be used as an
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AMC system that is capable of distinguishing OFDM from other modulation schemes

and determining the number of OFDM sub-carriers in a signal.

The pMUSIC test developed in this study was evaluated extensively in Chapter 4. It
was noted to perform well in 30dB and 20 dB AWGN channels, as well as in EPA and
EVA LTE channels.

Finally, in Chapter 5, the components of the experimental setup were verified and the

outputs of the tests validated.

6.3 Contributions of this Study

This study has the following novel contributions as developed by the author:

1. Using the Giannakis—Tsatsanis test on a wider range of modulation techniques.

®

2. MartLAB” implementation of MUSIC algorithm and visual interpretation of

results.

3. Extension of the MUSIC algorithm to give results in the presence of guard

carriers.

4. Development of the pMUSIC algorithm for testing the number of sub-carriers in
an OFDM signal.

5. Using the pMUSIC algorithm to determine the presence of OFDM.

6. Extensive tests of this algorithm in various channels, including multipath fading

channels.
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6.4 Future Work and Recommendations

The work presented here provides an AMC system capable of determining the pres-
ence of an OFDM signal and the number of sub-carriers in the signal under certain
conditions, as shown in Chapters 3 and 4. Future work building on this study will
be to expand the system to be able to determine more of the OFDM parameters as
mentioned in Section 2.8. Doing this will work towards the goal of being able to blindly

demodulate an OFDM signal.

The run-time of the pMUSIC test can be reduced by iterating over a smaller range
of values in which the result is expected instead of iterating over the entire range of

values. Effective techniques for accomplishing this can be examined.

Other future work would be incorporating the work of [67] into this system to enable

the determination of the inner modulation of an OFDM signal.

Finally, the system should be tested in increasingly realistic conditions. This can be
done by performing hardware-in-the-loop tests in a laboratory setup and finally testing

it against real-world physical signals and channels.

6.5 Closure

AMC is an important and evolving field with several applications in both military
and civilian domains. This study addressed a gap in the existing AMC body of
knowledge by providing efficient techniques for determining the presence of OFDM

and determining the number of OFDM sub-carriers present in a signal.
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