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The aim of this dissertation was to investigate peak-to-average power ratio (PAPR) reduction tech-
niques for filter bank multicarrier (FBMC) modulated systems. Research into current PAPR reduction
techniques in FBMC and orthogonal frequency division multiplexing (OFDM) found that the active
constellation extension (ACE) method has not been exploited for use in FBMC systems. This is, in
part, due to the complexities involved in signal processing inherent of FBMC systems, as well as

FBMC being a relatively new subject matter in the telecommunications field.

The outcomes of the dissertation were four novel PAPR reduction techniques for FBMC systems.
These techniques can be split up into two namely linear programming optimization ACE-based tech-
niques and overlapping ACE techniques. The techniques compensate for the overlapping symbols in
FBMC by utilizing a frame based approach. This characteristic makes them ideal candidates to be
applied in burst transmission. Furthermore, because an ACE based technique is used, they do not
require the transmission of side information. The PAPR performance of the techniques are shown to
match, or in some cases improve, current PAPR techniques for FBMC. The analysis of the proposed

approaches also address some complexity issues with current FBMC implementations.

The out-of-band (OOB) interference of the techniques under clipping scenarios is investigated. It is
shown that the OOB interference can be minimized whilst still maintaining good PAPR performance.

Additional results are also provided by means of a study of the PAPR reduction techniques proposed
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as applied to a high power amplifier based model. The corresponding power amplifier efficiency as
well as bit-error rate (BER) degradation are investigated and compared to other standard techniques
for PAPR reduction in FBMC systems. It was found that the proposed techniques can achieve a
higher amplifier efficiency than existing techniques at a marginal trade-off in BER degradation. This
BER degradation is lower than existing techniques due to the marginal increase in average transmit

power.

As illustrated by exhaustive simulations, the single scaling and overlapping smart gradient-project
ACE-based techniques proposed, are ideal candidates for practical implementation in systems em-
ploying the low complexity polyphase implementation of FBMC modulators. The methods are shown
to offer significant PAPR reduction and increase the feasibility of FBMC as a replacement modulation

system for OFDM.
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Die doel van hierdie verhandeling is om top-tot-gemiddelde drywingsverhouding (PAPR) vermind-
eringstegnieke vir filterbank veelvuldige draer (FBMC) -gemoduleerde stelsels te ondersoek. Hui-
dige PAPR verminderingstegnieke in FBMC en ortogonale frekwensie verdeling multipleksering
(OFDM) is ondersoek en daar is bevind dat die aktiewe konstellasie uitbreidingsmetode (ACE) nog
nie vantevore ontgin is in FBMC stelsels nie. Dit is gedeeltelik as gevolg van die inherente kompleks-
iteit van seinverwerking in FBMC stelsels en ook omdat FBMC ’n relatief nuwe onderwerp in die

veld van telekommunikasie is.

Die resultate van hierdie verhandeling is vier unieke PAPR verminderingstegnieke vir FBMC
stelsels. Hierdie tegnieke kan opgedeel word in lineére programeringsgeoptimiseerde tegnieke en
oorvleuelende ACE tegnieke. Om vir die oorvleueling van simbole in FBMC te vergoed, word ’n
raamgebaseerde benadering gebruik. Hierdie kenmerk maak hierdie tegnieke ideaal vir vlaaguitsend-
ing. Omdat 'n ACE-gebaseerde tegniek gebruik word, is transmissie van kant inligting onnodig. Die
PAPR werkverrigting van dié€ tegnieke is op standaard met, en in sommige gevalle ’n verbetering op
huidige PAPR tegnieke vir FBMC. Die ontleding van die voorgestelde benaderings spreek ook die

kompleksiteitkwessies met die implementering van huidige tegnieke aan.

Die buite band (OOB) steuring van die tegnieke onder geknipte scenarios word ondersoek. Daar word
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getoon dat die OOB steuring verminder kan word terwyl goeie PAPR verrigting gehandhaaf word.
Addisionele studieresultate word ook voorsien deur 'n studie van die voorgestelde PAPR reduksieteg-
nieke toegepas op 'n ho€ drywing versterker (HPA) model. Die ooreenstemmende drywingsversterker
doeltreffendheid asook die degradering van die bit fout waarde (BER) is ondersoek en vergelyk met
ander tegnieke vir PAPR vermindering in FBMC stelsels. Daar is bevind dat die voorgestelde tegnieke
"n hoér drywing versterker doeltreffendheid kan bereik as bestaande tegnieke afgespeel ten koste van
'n marginale BER degradasie. Hierdie degradasie is laer as bestaande tegnieke as gevolg van die

marginale toename in gemiddelde uitsendingskrag.

Uitvoerige simulasies toon dat die voorgestelde enkel skalering en oorvleuelende slim gradiént pro-
jek ACE gebaseerde tegnieke die ideale kandidate is vir praktiese toepassing in stelsels wat gebruik
maak van die lae kompleksiteit veelfase toepassing van FBMC modulators. Dié metodes bring 'n
beduidende PAPR vermindering te weeg en maak FBMC meer haalbaar as ’n vervanging modulasie

stelsel vir OFDM.
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CHAPTER1 INTRODUCTION

Frequency spectrum is a finite resource in wireless communications and therefore the search for an
efficient modulation technique is an important area of research. Due to ever increasing demand for
higher data rate wireless applications, cognitive radio (CR) applications are gaining popularity as a
means for spectrum sharing. However, spectrum sharing between opportunistic users and licensed
users require that both utilize a modulation method with well defined (non interfering) bands. As
a result, both kinds of users can coexist and a higher level of total spectral efficiency can thus be

attained.

Orthogonal frequency division multiplexing (OFDM) solutions, based on existing mobile access tech-
nologies (3GPP LTE and LTE Advanced), cannot solve the interference problem alone due to their
high adjacent-channel power ratio (ACPR) [1, 2]. In fact, OFDM requires additional filtering to main-
tain a suitable ACPR, which leads to additional implementation complexity. Furthermore, efficient
use of a fragmented spectrum requires a modulation scheme with fast decaying out-of-band (OOB)

components, which may not be achievable using OFDM.

Recently, filter bank multicarrier (FBMC) modulation systems have drawn much attention as a viable
alternative to OFDM, especially in cognitive radio (CR) applications [3, 4]. FBMC offers increased
bandwidth efficiency as well as low out-of-band (OOB) interference, by employing a bank of well
defined filters with tight spectral characteristics [5]. This efficient spectral containment and band-
width efficiency are what makes FBMC an ideal candidate for fragmented spectral usage such as in
CR applications [6]. However, FBMC suffers the same drawback that is present in all multicarrier

modulation systems, namely a high peak-to-average power ratio (PAPR).

© University of Pretoria
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CHAPTER 1 Introduction

1.1 PROBLEM STATEMENT

FBMC systems suffer from high PAPR, inherent in multicarrier systems such as OFDM. A high PAPR
greatly degrades the efficiency of high power amplifiers (HPA), as the HPA must be operated with a

large input back-off (IBO), in order to operate in the linear region and avoid clipping [7].

HPAs that are driven into saturation, and start clipping, result in in-band distortion as well as OOB
distortion. This OOB distortion leads to elevated side-lobes and therefore high ACPR. The main
beneficial characteristics inherent of FBMC systems, namely the low sidelobes and ACPR, is negated

when clipping occurs.

A reduction in the PAPR increases the efficiency of HPAs that is crucial for mobile transmitters, with
limited energy resources. It also results in a lower probability of HPA clipping and therefore lower

ACPR.

1.2 RESEARCH GAP

Several methods have been suggested for OFDM PAPR reduction. These include clipping, decision-
aided reconstruction clipping, coding, partial transmission sequence (PTS), selective mapping (SLM),
companding transform, tone reservation and active constellation extension (ACE), amongst others
[8]. For FBMC PAPR reduction, a limited number of methods have been proposed. These include
overlapping SLM, sliding window tone reservation and multi-block joint optimization methods [9,
10, 11]. Although these methods do not distort the magnitude of the original constellations, they do
require additional side information to be sent. This effectively reduces the bandwidth efficiency prior

to transmission.

The ACE method is of particular interest and uses an iterative clipping and filtering process of an
up-sampled OFDM signal. In addition to the clipping and filtering, the ACE iteration includes an
“extended constellation” selection that maintains the minimum Euclidian distance of the constella-
tions points of the corresponding OFDM subcarrier symbol [12]. When the author commenced this
work, no adaptation of an ACE based method existed for PAPR reduction in FBMC systems, and this

dissertation aims to fill this gap.

Department of Electrical, Electronic and Computer Engineering 2
University of Pretoria
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CHAPTER 1 Introduction

1.3 RESEARCH OBJECTIVE AND QUESTIONS

This dissertation proposes four novel techniques for PAPR reduction in FBMC systems based on ex-
tended implementations of ACE methods as applied in OFDM systems [12]. The proposed methods
can be divided into two classes, namely an optimization class and an overlapping ACE class. The op-
timization based approaches make use of linear programming (LP) in order to optimize an objective
function based on a set of constraints. In addition, the second class of methods proposed, formed by
two alternate methods, are based on simplifications of the previous optimization methods as well as
an adaptation from smart gradient-project (SGP) ACE extended to FBMC systems. Since ACE is an
iterative method and considering complexity constraints, it is of great importance to reduce the re-
quired number of iterations for an achievable PAPR. The proposed methods attempt to gain maximum

PAPR reduction capabilities in a single iteration in order to lower overall system complexity.

The research questions that this dissertation aims to answer are as follows:

* Can ACE be used to achieve similar PAPR reduction performance in FBMC modulated sys-

tems, as in OFDM systems?

» Can the overlapping nature of FBMC symbols be exploited to achieve a greater degree of PAPR

reduction capabilities?

* Do the proposed techniques offer superior PAPR reduction performance to other methods in

the field for FBMC PAPR reduction?

e What are the negative effects of PAPR reduction, using the proposed techniques, in terms of

BER degradation and increased complexity?

* What are the effects of the proposed PAPR reduction methods on the power spectrum and OOB

interference of FBMC modulated systems?

* By how much can the proposed techniques increase power amplifier (PA) efficiency?

Department of Electrical, Electronic and Computer Engineering 3
University of Pretoria

© University of Pretoria



-
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Q= YUNIBESITHI YA PRETORIA

CHAPTER 1 Introduction

1.4 HYPOTHESIS AND APPROACH

ACE based PAPR reduction methods work exceptionally well in OFDM systems and are well doc-
umented [12, 13, 14]. Due to the effective use of ACE in OFDM and considering the research gap
of ACE as applied to FBMC systems, the research approach was to test the feasibility of ACE for
FBMC applications. The original hypothesis was that ACE should offer similar PAPR improvements
in FBMC as it does in OFDM. The research approach of this dissertation therefore focuses on ACE
as a plausible PAPR reduction method for FBMC systems. Throughout the dissertation, reference is

made to OFDM as a basis of comparison to FBMC.

1.5 RESEARCH CONTRIBUTION

Four novel PAPR reduction methods, based on the ACE method, are proposed and presented in this
dissertation. Their PAPR reducing capabilities are scrutinized using the cumulative complementary
density function (CCDF) as a basis of performance comparison in Section 4.2. An effective means
for measuring the PAPR in the overlapping symbols of FBMC modulated signals is proposed and
supporting equations are presented in Section 2.5.2. The effects of PAPR reduction on the bit-error
rate (BER) of FBMC systems is documented in Section 4.4. The power spectrum of PAPR reduced
FBMC systems is investigated and the effect in terms of OOB interference is documented, using the
ACPR as a basis of comparison, in Section 4.3. The key academic contributions of this dissertation

can be summarized in the following bullet points:

1. A novel equation is developed in Section 2.5.2 which is used to accurately measure the PAPR

in FBMC systems on the same metric as that of OFDM.

2. Two equations are formulated for the ACE optimization problem as applied in FBMC systems

in Section 3.4.

3. Equation (2.10) was developed which allows for the mathematically description of the discrete

sample points of an FBMC modulated signal in terms of it’s constituent overlapping symbols.

4. Four techniques are proposed and then developed for reducing the PAPR in FBMC in Sec-

tion 3.3.

Department of Electrical, Electronic and Computer Engineering 4
University of Pretoria

© University of Pretoria



-
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Q= YUNIBESITHI YA PRETORIA

CHAPTER 1 Introduction

1.6 PUBLICATIONS

This research work has lead to two international academic publications. The first being an inter-
national conference paper and the second an international journal article. The papers can be found

below:

1. N. van der Neut, B. Maharaj, F. de Lange, G. Gonzdlez, F. Gregorio, and J. Cousseau,
"PAPR reduction in FBMC systems using a smart gradient-project active constellation exten-
sion method," in 2014 21st International Conference on Telecommunications (ICT), May 2014,

pp. 134 — 139 [15].

2. N. van der Neut, B. Maharaj, F. de Lange, G. Gonzdlez, F. Gregorio, and J. Cousseau,
"PAPR reduction in FBMC using an ACE-based linear programming optimization," EURA-
SIP Journal on Advances in Signal Processing, vol. 2014, no. 1, 2014. [Online]. Available:
http://dx.doi.org/10.1186/1687-6180-2014-172 [16]

1.7 OVERVIEW OF STUDY

Chapter 2 presents a literature study covering OFDM, FBMC modulation, PAPR reduction in OFDM
and PAPR reduction in FBMC. Chapter 3 details the four methods proposed in this thesis, Chapter 4
focuses on the results obtained by these proposed methods and Chapter 5 presents a discussion and

analysis of these results. The conclusion of the dissertation is presented in Chapter 6.

Department of Electrical, Electronic and Computer Engineering 5
University of Pretoria
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CHAPTER 2 LITERATURE STUDY

2.1 CHAPTER OBJECTIVES

In this chapter, the concepts of multicarrier systems and the evolution thereof are introduced. The
notion of PAPR reduction as applied to multicarrier systems are also discussed and popular PAPR
reduction techniques used in OFDM systems are introduced. The FBMC PAPR reduction techniques

available in literature close off this chapter.
2.2 MULTICARRIER MODULATION

Multicarrier communication is fast replacing single-carrier as the modulation technique of choice for
future generation wireless networks. By combining multiple subcarriers with long individual symbol
periods, one can overcome the length of the channel impulse response, thereby greatly improving
equalization capabilities. Its robustness to multipath effects, ease of equalization and handling of

multiple users outweighs that of single-carrier.

Multicarrier modulation techniques combine multiple orthogonal subcarriers into a wideband signal
with a large symbol period. Each subcarrier can be seen as a parallel bit-stream with a lower bit-rate
than the total system and by combining them, one can still maintain the same bit-rate as in single-
carrier communication. The main benefit of multicarrier modulation is the large symbol period which
allows for improved equalization under adverse channel conditions such as frequency selective fading

in multipath environments and narrowband interference [17, 18].

The multicarrier modulation equation can be expressed as:

sl =Y. Y. (Xulk]lp[n—mN]) eI2mkN 2.1
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This can be seen as a generic equation from which the different modulation techniques such as OFDM

and FBMC can be derived.
2.3 ORTHOGONAL FREQUENCY DIVISION MULTIPLEXING

The OFDM system model can be described as the sum of independent signals modulated onto
subchannels with equal bandwidth as seen in Fig. 2.1 [19]. The complex baseband model can be
represented mathematically by:
N-1
sln] = Y Xee2™IN 0 <k <N 1. (2.2)
k=0
Equation (2.2) can be seen as analogous to Eq. (2.1) with p [n — mN] being a rectangular windowing
function. An efficient implementation of OFDM can be done using the efficient fast Fourier trans-
form (FFT) and inverse FFT (IFFT) algorithms. This replaces the need for each subcarrier to be
modulated onto a carrier oscillator as the IFFT function effectively performs this task. The simplicity
of this technique is the reason for it gaining favour in modern day communication as the multicarrier

modulation technique of choice.

The rectangular window function results in a sinc-like frequency response of the subcarriers. If per-
fect orthogonality is maintained in an OFDM system, no inter-carrier interference exists between
neighbouring subcarriers. However, the sinc-like frequency response results in the large sidelobes
present in OFDM and is the main reason for applying a transmission filter to OFDM modulated sys-
tems, in order to prevent adjacent channel interference. These large sidelobes, which result in ICI,

can be seen in Fig. 2.1.
2.3.1 Importance of cyclic prefix in OFDM

Due to the low bit-rate in a multicarrier system, the symbol period is longer than its single-carrier
counterparts. It is therefore possible to insert a guard interval in-between the symbols. This guard
interval prevents inter-symbol interference (ISI) which plagues single carrier systems [20]. OFDM
systems utilize a cyclic prefix (CP) which acts as the guard interval. The CP in OFDM is simply a
repeat of the last v samples added to the beginning of the symbol, prior to transmission, as shown in

Fig. 2.2. The symbol length is therefore increased by v/N.

To avoid ISI, the CP length v should be longer than the impulse response of the time-invariant chan-

Department of Electrical, Electronic and Computer Engineering 7
University of Pretoria
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Figure 2.2: CP in OFDM systems

nel. By doing this, the effects of ISI in multipath channels can be negated. At the receiver, the CP
portion of the OFDM symbol can be removed and the remaining portion is a function of the original
OFDM symbol and its multipaths only. This allows for the channel model to easily be estimated and
compensated for so long as the channel model does not vary significantly between transmission of
adjacent symbols. The received signal at the receiver is a function of the transmit signal convoluted
with the channel impulse response. The received signal with L distinctive multipaths can be written

as [21]

L—-1
yinl =Y hlllsln—1], O<N—1+v<N-—L (2.3)
=0

Due to circular convolution, the frequency domain representation of Eq. (2.3), after the CP has been
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removed, can be given by

Y[k] = H[K] - Sk]. (2.4)

The multipath propagation effects have therefore been reduced to simple multiplication of each fre-
quency domain subcarrier by a scalar. This can now be removed by multiplying the received signal
Y [k] by the inverse of the channel frequency response. This simplified model for equalization is a key

factor in OFDMs popularity.

2.4 FILTER BANK MULTICARRIER MODULATION

FBMC modulated systems consist of a bank of well defined filters with tight spectral characteristics.
These filters are frequency and phase shifted versions of an original prototype filter which is designed
to comply with Nyquist constraints and provide high frequency selectivity [22]. The FBMC modu-
lation equation can be derived from Eq. (2.1) by effectively replacing p [n — mN| with the prototype
filter. The high frequency selectivity of FBMC is obtained by increasing the impulse response length
of the prototype filter, thereby increasing resolution in the frequency domain. The prototype filter
impulse response is designed to be K times longer than the number of subcarriers N. Thus the ef-
fective symbol length is increased to a length of L = KN. K is also referred to as the overlap factor
and determines the number of overlapping complex FBMC symbols per sample. The overlap is re-
quired to maintain the same theoretical throughput as that of an OFDM system. Figure. 2.3 illustrates
the impulse response for the PHYDYAS prototype filter with length L = 256. The sinc-like shape
in the time domain equates to a highly selective filter in the frequency domain with sharp stop-band

attenuation.

The higher frequency selectivity of FBMC makes it an ideal candidate for cognitive radio applications.
This is because of the rapid decay of the sidelobes resulting in low inter-carrier interference (ICI). This

is evident from Fig. 2.4 which illustrates the low ICI between adjacent subcarriers.

24.1 FBMC-OQAM

FBMC requires purely real input symbols. Orthogonal quadrature amplitude modulation (OQAM)

is a staggering technique used to transform complex input data symbols into real symbols at twice
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Figure 2.3: PHYDYAS prototype filter impulse response with K=4, L=256

the sampling rate [22]. OQAM is used in FBMC to ensure that only real symbols are fed into the
filter bank. OQAM symbols are analogous to alternating real and imaginary pulse amplitude modu-
lation (PAM) symbols staggered by N /2 samples. The OQAM symbols are then fed into the FBMC
modulator, where they are filtered and modulated onto their respective subcarriers. The output of the
FBMC modulator at sample n can be written as [23]:
= N . . NN o
= LT (001N 0 S a5 | ) S E 2

with

1, ifkiseven
6, = (2.6)
j, ifkis odd,

where f(q [k] is the complex input symbol g at subcarrier k, R and 3 represent the real and imaginary

components respectively and p|n] is the prototype filter.

The OQAM pre-processing stage can also be considered as a source encoding technique. The OQAM
encoder is fed with non-return-to-zero (NRZ) data and maps it to alternating real and imaginary
symbols that are fed into the FBMC modulator. These symbols are fed at twice the sampling rate to
maintain the same data rate as a corresponding OFDM system using a complex data source coding

technique [22].
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Figure 2.4: Subcarriers in FBMC modulated systems

By defining;

Xom[k] = R{X,[K]},

2.7)
Xom1[k] = 3{Xo[k]}
and considering a frame of M PAM symbols, (2.5) can then be reduced to
M—1N-1 N -
= OkrmXom|k —m—| | e/ 2.8
sln] ”;O];<k+m m[]p[n ’“2])8 : 2.8)

where p[n] is the prototype filter. This is analogous to symbols of a PAM system that are transmitted
with a time offset of half a symbol duration Ty /2, i.e. the effective symbol period is halved, thereby
retaining the same data-rate capabilities as QAM modulated systems with symbol period 7y. The

individual FBMC symbols of length L and fundamental period 7j/2 can then be written as:

N-1
e —
Xmln] =Y 9k+me[k]p[n—mE]e]2”kN. 2.9
k=0
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Eq. (2.9) allows the output signal of the FBMC modulator s[n] in Eq. (2.8) to be written in terms of

its constituent overlapping symbols, as

[+
s[n] = Z

m=| i |- (2K-1)

o (el

with m = [0,1,2,--- ;M — 1], |x| representing the largest integer not greater than x and | - [/ is the

module-N /2 operation.

By defining:
xm:[xm[0]7"'7xin[L_1HT7 (2]1)

Eq. (2.10) can be used to compute the index points of the symbol set x,,,, ..., X251, Which overlap
at each sample n in an FBMC modulated baseband signal s[n]. Equation (2.10) gives an indication
of the overlapping nature of the FBMC symbols for a causal system starting at index n = 0. This
representation is important to visualize how to perform PAPR reduction in FBMC by modifying
individual symbols in a frame. Fig. 2.5 illustrates the overlapping nature of FBMC, as described by
Eqg. (2.10), in a frame of M symbols with an overlap factor K = 4 and N = 4 subcarriers. It should be

clear that the fundamental symbol period in terms of discrete samples is 7p/2 = N/2 = 2.

xo — [0 - -+ [IL—1]]
X ——— [ORB]]_--- [[L-1]]

x———— [O[[RB] .- [Z-1]

o OEE E=T]

Figure 2.5: FBMC overlapping nature

FBMC can theoretically provide an increase in data throughput from OFDM. This is due to the ab-
sence of CP. The data rate can therefore be increased by a factor of v/N, where v is the length of CP
required in OFDM. However, due to the absence of CP and the presence of overlapping symbols res-
ulting in controlled ISI in FBMC, equalization becomes more complex than that of OFDM. Equaliza-
tion can be performed using a simple one tap zero forcing equalizer which provides a low complexity
solution. If the number of subcarriers is sufficiently large, the fading experienced per subcarrier can

be estimated as flat fading and a single tap equalizer can provide reasonable performance. However,
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in scenarios where a low number of subcarriers are used, the fading may not be accurately estimated
to flat fading and poor performance is achieved [24]. In [24] a technique called "equalization with
real interference prediction" (ERIP) is proposed which utilizes the real and imaginary interference
present in FBMC to provide superior equalization performance. In [25] a minimum mean squared
error based equalization method is obtained. This can be extended to an N-tap based equalizer de-
pending on the number of subcarriers in order to retain the same performance and estimate flat fading
per subcarrier. A concept known as "self-equalization", proposed in [26], has the potential to greatly
decrease equalization complexity in massive multiple-input, multiple-output (MIMO) based systems.
"Self-equalization" is based on the concept that combining the signal components, from different an-
tennas, results in an averaged distortion. When applied to massive MIMO, the fading can therefore
be reduced to flat fading across each subcarrier. Due to MIMO gaining popularity for use in next
generation networks, the concept of "self-equalization” adds justification for the usage of FBMC as

the standard for these future networks.

2.4.2 Polyphase implementation

A direct form implementation of Eq. (2.5) can be achieved using a transmultiplexer (TMUX) realisa-
tion. This is implemented using N up-samplers and a filter bank of N branches. However, filtering
has to be applied to each up-sampled subcarrier branch at the higher sampling rate, greatly increas-
ing system complexity [27]. A reduction in the complexity of the systems can be obtained with a

polyphase realization employing the efficient FFT [28, 19, 29].

The output of the polyphase filtering process ¥ (z) can be written in matrix notation as [29]:

Y(z) = GT ()X ('), (2.12)
where
X% = R XK () - Ry (V)T (2.13)
and
G = [Go(z) Gi(z) -+ Gn-1(2)]", (2.14)
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with

L—1

L1 ,
Gilz) =), plnjel T (n=5) zn, (2.15)
n=0
Making use of the low-rate polyphase filters [29]:

K—1
AP =Y plk+tN]z 72, (2.16)
t=0
Eq. (2.12) can be implemented as illustrated in Fig. 2.6, where all up-sampling is moved through
the filters and IFFT processes by using the multirate identity [28, 19]. This allows the filtering to be

applied at a lower sampling rate, greatly reducing the number of computations required [29].

Xo(z)

—i 5 M) TN DY ()
S 1%, 1]
2 z X1(z) 2
g % = Ai(z7) TN/2—
3 3 . :
£ 8
[N 2 71
& 7] S
s U%' Xn—1(2)

— An-1(2%) TN/2

Figure 2.6: Polyphase implementation of FBMC modulator

The delay line in Fig. 2.6 is of length N whereas the up-sampling ratio is N /2 resulting in an effective
delay line overlap. This can be seen as compensating for the rate loss due to the OQAM mapping by
halving the effective symbol period 7y = Tj/2. Ignoring the transient build up of the FBMC system,
the efficiency of the system can be seen as one complex symbol per sample for a critically sampled
implementation. The effective throughput is therefore equivalent to an OFDM system without cyclic

prefix (CP).

2.5 PAPR IN MULTICARRIER SYSTEMS

PAPR is a logarithmic ratio of the peak transmit power to the average transmit power of a signal. For

a rudimentary signal, it can be defined as

PAPR = 101 (Peak2> 2.17)
= 10log (| —— .

#\ RMS?
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with RMS defined as the root mean square. The PAPR of a single tone or sinusoidal signal is 3.01dB
and is also referred to as constant envelope signal [30]. The application of Eq. 2.17 to a sinusoid is

illustrated in Fig. 2.7.

! X
0.707 A i
Peak :
: -RMS
0 Y Y

Figure 2.7: Peak and RMS of a sinusoidal signal (constant envelope)

Multicarrier transmission schemes such as OFDM and FBMC have non-constant envelopes. This is
caused by the statistically random nature of the subcarrier data which after the IFFT process, can be
approximated to a complex Gaussian process with statistically uncorrelated peaks [31]. The Gaussian
like peaks are created as a result of the weighted sum of the independently distributed random data
modulated onto the subcarriers [32]. These statistically uncorrelated peaks are impossible to predict
and therefore HPAs must operate with a large input back-off so that the baseband signal always, with

very high probability, remains in the linear region of the HPA.

PAPR is therefore an important metric in multicarrier transmission schemes as it is a measure of the
peak to the average magnitude of samples of a signal. Systems with high PAPR require larger input
back-offs on the HPAs to ensure clipping does not occur. This results in inefficient usage of the
HPAs [33] which is effectively energy inefficiency translating into energy wastage and less "green"
communication [34]. If clipping occurs, severe degradation of the spectral performance of the system

occurs in the form of in-band and OOB distortion. In-band distortion affects your systems BER
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whilst OOB distortion results in interference with neighbouring channels. An example of a high
PAPR multicarrier signal is shown in Fig. 2.8. Figure. 2.8 is a section taken from an FBMC frame

and the large difference between peak and RMS is clearly evident.

A
Peak
0.388[ i T ARKAREES CERERYA CRRE AERISREY RERY (ERTRERRL AR ¢ -
‘RMS
oY L

Figure 2.8: Peak and RMS of a multicarrier signal (non-constant envelope)

2.5.1 OFDM case

The PAPR for OFDM signals is defined as [31]:

(2.18)

2
PAPR(Sm)dB = 1010g (max0<"<N—1 ’{Sm}n‘ > ’

E|sm|?
where s,, is the m-th symbol vector of length N and E|s,,| is the expected value of the m-th symbol

vector.

The cumulative complementary density function (CCDF) is an established method of measure for
PAPR in multicarrier systems [12]. The CCDF is defined as the probability that the PAPR of the m-th

modulated symbol s,, exceeds a given threshold 7 and is defined as [12]:
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CCDF[PAPR(s,,)] = Pr(PAPR(s;) > 7). (2.19)

However, it is well established in literature that in order to accurately estimate the true analogue
signal, oversampling of some form needs to be performed [12, 35]. In a critically sampled system,

Eq. (2.18) is therefore a very optimistic approach to the true PAPR of the symbol.

2.5.2 FBMC case

The PAPR for an FBMC symbol is slightly more complicated to analyse. Figure 2.9 illustrates the
overlapping nature of FBMC symbols with K =4 [9]. It is clear that after the filtering process is
applied, the symbols are extended to a length of L = KN. To compensate for OQAM modulation,
as well as the extended symbol length, the OQAM FBMC symbols are spaced N /2 samples apart,

resulting in a symbol period of Tp/2 with 2K overlapping symbols at each sample during steady

state.
| T() | \PAPRl \PAPRz |
> > ——>
) S vave%
o | I 200¢
h= I I I I I I
2 I I I I I I
E | | | | | |
on
< I I I I I I
= WaWE l l l
01234546 72891011 s[n]—

Symbols

Figure 2.9: Overlapping nature of FBMC modulation

Due to the overlapping nature of FBMC, its symbols cannot be considered in isolation. Instead we
define a frame containing M overlapping FBMC symbols over which the PAPR can be accurately
measured. The output frame is of length (M — 1)N /2 + L. Two different measurements of PAPR can
then be obtained for the FBMC system, namely the frame and symbol based PAPR. The PAPR of

a frame containing M FBMC symbols, can therefore be defined, with s[n| as the discrete samples,

as:
2
Maxo<,<(M—1)N/2+L—1 [ {si},]
PAPR(s;)s5 = 10log (2.20)
E{si}?
where s; = [s[0],--- ,s[(M — 1)N/2+L—1]]".
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For accurate PAPR comparisons to OFDM systems, the FBMC modulated signal s[n] can be broken
up into symbols of length 7y over which the PAPR can be measured. However, due to the transient
build up present in FBMC systems, the PAPR cannot be accurately measured at the start and end of
an FBMC frame. Instead the PAPR should be measured during steady state operation of the system,
ideally within a full filter length into the frame and concluding a full filter length before the end of
the frame. For simulation purposes, it is necessary to consider a frame length of at least M = 2K + 1
symbols. This allows for PAPR measurement over at least one symbol of length 7y in the FBMC
frame. Figure 2.9 illustrates the process of measuring the PAPR over two symbols of length 7j each
displayed by PAPR; and PAPR;. Based on this idea, the PAPR of the v-th symbol of length 7j in a

frame, can be defined as as:

2.21)

2
PAPR(s, )4 = 10log (maXOSnszvl {5}, >

E|{sv}[?
where s, = [s[L—N/2+VN],-- ,s[L—N/2+ (v+1)N —1]]T.

Equation (2.21) defines new symbols, S,, over which the PAPR can be measured. If the steady state
portion of the FBMC frame is split into isolated symbols, the PAPR equation reduces to the same as

that of OFDM with symbol period 7.
2.6 PAPR REDUCTION TECHNIQUES FOR OFDM

A number of methods exist for reducing the PAPR of an OFDM modulated system. These include
ACE, selective mapping (SLM), partial transmit sequence (PTS), clipping and filtering, coding and

tone reservation (TR) amongst others [36, 37].

All these methods work on the basic principle of reducing the PAPR of the transmit signal by dis-
torting, clipping or adding additional side information to the signal. Unfortunately a drawback of
PAPR reduction is always a decrease in the BER performance of the system. Changing the nature
of a QAM modulated system, which is already at the highest efficiency achievable (in terms of Eu-
clidean distance between bits), always results in a decrease in BER performance. Adding additional
side-information also results in additional energy added to the signal which is not in the form of bit

energy and therefore the efficiency of the system decreases.

The trade-off of PAPR reduction techniques is therefore an increase in the BER of the system and the
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added complexity inherent in any additional signal processing required to perform the PAPR reduction
techniques. Therefore the true benefits of PAPR reduction are found in systems that can minimize
the PAPR, while at the same time minimize the BER degradation introduced by the PAPR reduction
technique. Additional system complexity should also be avoided in order to maintain feasibility of

the PAPR reduction technique.

2.6.1 The fallacy of improving BER performance through PAPR reduction

A number of papers have been published in literature which show that BER performance of systems
improve after applying their proposed PAPR reduction techniques. These include "A fair comparison
platform for OFDM systems with various PAPR reduction schemes" [38] which shows improved
BER performance after ACE, SLM or scrambling is applied to the original OFDM envelope. The
BER results however are presented as BER versus signal-to-noise ratio (SNR), instead of BER versus
energy per bit (E,/Np). ACE increases the average transmit power of the signal and therefore the
average energy per bit. Upon normalization however, the distorted constellations will lead to BER
degradation. With SLM and scrambling, additional side information is required to be transmitted
along with the bits. This also results in an increase in the energy required to send the same amount of

bits and subsequently an increase in the BER of the signal.

In "Evaluation of Clipping Based Iterative PAPR Reduction Techniques for FBMC Systems" [39],
a technique called TRACE is proposed. This combines ACE and TR methods to obtain a higher
level of PAPR reduction. This paper however, also claims an improvement of almost 4dB in BER
performance over the conventional signals. The simulation model appears not to have taken into
account the large increase in average transmit power. Therefore no normalization was performed and
as such, it would appear as though significant reduction in BER was achieved. Another factor in
questions is the number of iterations being set to a mere 2000 symbols. This low number of iterations

would also lead to poor confidence in the PAPR reduction or BER results.

In "Adaptive active constellation extension for PAPR reduction in OFDM systems" [40] and "Effects
of clipping and filtering on the performance of OFDM" [41], it is clear that PAPR reduction methods
do lead to BER degradation. These articles are amongst the few that investigate the effect that PAPR

reduction has on BER performance.
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2.6.2 Active constellation extension

The ACE algorithm for OFDM PAPR reduction is well documented in the literature [12, 36, 42, 43,
44]. It is an efficient method for reducing the PAPR in OFDM without requiring the transmission of
side information. The idea behind projection-onto-convex-sets (POCS) of ACE involves clipping the
time domain signal and correcting the distorted constellations to only allow extensions that do not

decrease the minimum Euclidean distance.

Figure. 2.10 can be used to describe the fundamental principle behind the ACE technique for PAPR
reduction. The grey regions represent areas into which constellations may be extended during the re-
construction phase after the planned clipping of the time domain signal. Extending the constellations
into these regions results in PAPR reduction at the expense of a slight increase in average transmit
power. This increase results in a degradation of the BER performance of the system. This degrada-
tion is however slightly offset by the fact that the grey regions result in an increase in the minimum
Euclidean distance. The BER degradation is however a reasonable trade-off for the PAPR reduction

capabilities obtained [12].

In [45] a technique called Adjustable Circle Constrain (ACC) is proposed. The ACC technique is
designed to offer the benefits of the ACE technique whilst controlling the level of BER degradation.
This is realized by applying a circular constraint around the original constellation positions which
provides a maximum distance by which a bit can be moved away from its original position. This is in
fact quite an effective way of controlling the BER degradation and based on this, the amount of BER

degradation can theoretically be predicted.
The ACE POCS method for OFDM can be summarized as [12];
1. Clip the discrete OFDM modulated baseband signal s[n| to an amplitude of &, with ¢[n] the

phase angle of the complex signal s[n] at sampling point 7, such that:

Selollif [sn)| > §
s'[n] = , 0<n<N-1. (2.22)
s[n], if |s[n]| < &

2. Compute the negative of the clipped signal c[n| such that
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Figure 2.10: Constellation map illustrating the allowable extension regions for ACE for QPSK mod-
ulation in OFDM

S0l —g[n), i |s[n]| > &
cln] = , 0<n<N-1. (2.23)
0, if [s[n]| <&

3. Demodulate c[n] to obtain the extension regions C[k]| with k the different subcarriers.

4. Maintain only those real or imaginary components of C[k] which fall within in the allowable
extension regions, i.e. those that do not decrease the minimum Euclidean distance and set the

rest to zero.

5. For oversampling, set out-of-band (OOB) subcarriers to zero, i.e. null all points greater than N

[46].
6. Modulate C[k] to obtain the time domain portion of the corrected clipped signal ¢[n].

7. Scale ¢é[n] by some constant p and add it the original time domain signal s[n] to obtain §[n] as

§[n] = s[n|+pnén], 0<n<N-1. (2.24)
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8. Transmit §[n| if it meets the PAPR requirements, otherwise repeat from step (1) replacing s|n]

with §[n].
2.6.2.1 Smart gradient-project ACE

The POCS ACE method requires a large number of iterations to obtain a suitably low PAPR. The
smart gradient-project (SGP) method was designed to greatly reduce the number of iterations required
to obtain a low PAPR. SGP allows to find an optimal scaling factor u to scale the clipped portions of

the signal.

The POCS implementation of ACE involves a scaling factor ¢ of unity being applied to the clipped
portion of the signal, which is added back to the original signal as in Eq. (2.24). The smart gradient-
project algorithm was developed in [12] and scales the added portion of the signal é[n] by an optimal
scaling factor. This greatly reduces the number of iterations required for the ACE algorithm to con-
verge to a low PAPR. This is done by finding the maximum scaling value possible without causing

peak regrowth of the signal. The algorithm can be summarized in the following steps [12];
1. Find the peak of the signal, P, as well as the peak position 7pea .

2. Calculate the projections E[n] of the clipped signal é[n] by performing the dot product:

ef) = 2AelLslold (2.25)

Istall

for

0<n<N-1.

3. Consider only the values of ¢[n] that are positive and therefore result in magnitude growth.

4. Compute the scaling factor for each of these projections:

P — |s[n]]

m, n ?é npeak. (226)

pln] =

5. Use the minimum value of u[n] (so that no peak regrowth occurs), namely:
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w =min(u(n]). (2.27)

6. Scale the clipped signal é[n] by u and add it to the original signal to obtain the new transmit

signal:

$[n] = s[n] + wén], n=10,1,--- ,N—1J. (2.28)

7. If u is negative, stop the iterative ACE algorithm, as any further PAPR reduction attempts will

result in peak regrowth.
2.6.3 Tone reservation

Tone reservation is a PAPR reduction technique that utilizes reserved subcarriers in order to reduce the
PAPR of a multicarrier signal [32, 47, 48]. Much like the ACE algorithm, pre-transmission clipping
and constellation reconstruction is utilized in order to limit the PAPR of the time domain baseband
signal. However, the major difference is derived from the usage of reserved tones instead of distorted
constellations. This is illustrated in Fig. 2.11 where subcarrier 3,6 and 9 are the reserved subcarriers
for PAPR reduction. The exact positioning of the reserved tones does not play a significant role in the

PAPR reduction performance of TR techniques and is often randomly pre-selected.

m Data carrying tones
B Reserved tones

Magnitude

12345678 91011
Subcarriers

Figure 2.11: Reserved subcarriers in tone reservation for PAPR reduction

The TR technique can be summarized in the following steps;

1. Clip the baseband signal s[n| to a threshold value § as in step 1 for POCS ACE.
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2. Demodulate the clipped signal to obtain the distorted subcarriers.

3. Return all data carrying subcarriers to their initial values to avoid distortion of these carriers,
whilst holding the reserved tones at their distorted values. New frequency domain subcarriers
are therefore obtained, which include the undistorted data carrying subcarriers as well as the

distorted reserved subcarriers.

4. Remodulate the new frequency domain carriers to obtain §[n].

The main benefit claimed from this technique is that the data carrying subcarriers are not distorted
and therefore the BER of the system is not degraded [47]. However this statement is incorrect. In
TR, a percentage of the data carrying subcarriers are subcarriers. This leads to a drop in bandwidth
efficiency and therefore the BER will in fact be degraded upon normalization. This is clear in the
BER graphs presented in [47]. The reserved subcarriers can be seen as the transmission of additional
side information, ergo a decrease in the data transmission rate resulting in an effective increase in the

BER.

Standard TR has the same drawback as POCS ACE, namely a slow convergence time to a low PAPR
for the baseband time domain signal [32]. In [32] it is proposed to use a gradient project method

much in the same format as that of SGP ACE in order to speed up convergence time.

2.6.4 Selective mapping

Selective mapping is a technique whereby M different OFDM signals are generated, representing the
same data, and the signal with the lowest PAPR is chosen and transmitted [49]. This is achieved by
creating a set of M different phase rotated vectors by which the original subcarriers are multiplied
as shown in Fig. 2.12. Thereafter each vector is modulated and the signal with the lowest PAPR is
chosen as the transmit signal. This technique exploits the statistical independence of phase rotated

subcarriers thus guaranteeing time domain signals with different PAPR values [49].

In order to reduce complexity, the phase rotation vectors are normally in multiples of /2. The
complexity of this technique stems from the need for M modulators, in order to acquire the M time
domain signals. Another drawback is the need for side-information, as the receiver is required to know
which sequence was transmitted in order to demodulate using the same phase rotation vectors. This

side information is critical for accurate demodulation and therefore the side-information will require
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additional levels of coding, in order to protect it against corruption. Techniques have been proposed,
such as in [50], to reduce the dependency of the SLM technique on side-information. However this
technique comes at the expense of additional complexity in the form of scramblers and interleavers

which will need to be applied at the transmitter and the reverse operation at the receiver.

B,
X IFFT
B,
<7
IFFT Select signal
3 with lowest Add  side
Data source ® IFFT PAPR  for information | |
. transmission
Bum
X IFFT
[ el |
Channel [«
Receive B,
information

Figure 2.12: SLM technique for OFDM

When channel encoding the data, no side-information is required. At the receiver, M decoders are
utilized and decode the received signal with each of the M possible phase rotated vectors [49]. How-
ever on the receiver side there are often space limitations on chips especially in mobile environments.

This may lead to undesirable usage of limited processing power.

2.6.5 Partial transmit sequence

The partial transmit sequence technique involves partitioning the OFDM subcarriers into M disjointed
frames. Each frame is then multiplied by an optimal rotational factor and then combined, in order
to obtain a transmit signal with a lower PAPR [51]. The technique is detailed in Fig. 2.13 PTS is an

optimization problem and the main complexity stems from searching for the optimal phase rotation
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Figure 2.13: PTS technique for OFDM

vector which reduces the PAPR by the largest amount. By increasing the number of disjointed frames
M and the number of possible phase rotation factors W, the PAPR reducing capability increases,
however the complexity of the search algorithm increases exponentially with M [36]. That is to say
the complexity is of the form O(W™). In order to reduce this, techniques normally utilize only two
or four possible rotation factors and limit the number of disjoint frames, namely W <4 and M < 4.
A number of papers exist to reduce the computational complexity of the PTS technique. In [52] a
threshold limit is set to avoid needless searching once the aimed PAPR performance is achieved. In
[53] a smart search algorithm is used to reduce the complexity of searching for the optimal phase

factors.

As with SLM, PTS requires the transmission of side information to accurately demodulate the data
carrying subcarriers at the receiver and therefore suffers from same drawbacks, namely higher rate

codes to guarantee reception of these bits.
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2.7 PAPR REDUCTION TECHNIQUES FOR FBMC

A limited number of techniques to date have been proposed for FBMC techniques. This is due to
the relatively underdeveloped FBMC modulation technique, in comparison with the well established
OFDM technique. FBMC has only been adopted into a low number of standards with opportunistic
communication in cognitive radio applications appearing to be the most promising. However, as the
FBMC technique evolves and processing power increases, FBMC might still be incorporated into

next generation telecommunication architectures, due to its attractive properties.

A major drawback of FBMC PAPR reduction techniques is the increase in complexity associated
with the additional signal processing normally required in such techniques. The increased processing
power required, on top of an already complex technique like FBMC, often leads to these techniques

being infeasible for real life applications.

PAPR reduction in FBMC is also plagued with the added complexity of overlapping symbols. This
makes single symbol processing difficult as symbols can not be considered in isolation. PAPR re-
duction techniques for FBMC therefore require a buffer of the length of multiple symbols in order to
pre-process and perform PAPR reduction on them. This may possibly lead to an undesired increase

in system latency.

The techniques listed in the following subsections, are the most noticeable techniques from literate
for FBMC PAPR reduction. This is not a conclusive list, but the relatively low number of citations
highlights the current gap in PAPR reduction research for FBMC. They include orthogonal selective
mapping (OSLM), sliding window tone reservation (SW-TR), multi-block joint optimization (MBJO),
TR and ACE.

2.7.1 Orthogonal selective mapping

In [9] it is proposed that the SLM technique can be adapted for use in FBMC systems. A technique
called OSLM is proposed. This technique proposes searching over a longer overlapping interval in
order to capture the overlapping properties of FBMC. Therefore contiguous symbols must be modu-
lated in order to exploit the overlapping nature of FBMC. However [9] points out the main drawback
with PAPR reduction in FBMC. In order to achieve an optimal solution, using SLM, a huge amount

of memory and computational power must be utilized.
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It is clear from the results in [9] that as the length of the prototype filter increase, the performance of
the OSLM technique gets substantially worse. This is most likely caused by the need to increase the
number of codes U utilized in order to achieve a suboptimal solution. Due to complexity increasing
exponentially with the U, it is simulated to a maximum of U = 4 which provides poor performance

when the overlapping factor K, is 4 or larger.

2.7.2 Sliding window tone reservation

The technique proposed in [11] is a SW-TR technique. This technique is a clipping based technique
that, much like TR for OFDM, utilizes reserved subcarriers (or tones) to counteract the peaks in the
original FBMC signal. A sliding window is utilized in order to clip the FBMC over an interval of the
window length. In each interval, the FBMC signal is clipped and reserved tones are created before
moving the filter onto the next segment. The window is shifted by a factor smaller than the length
of the window. Therefore the window effectively overlaps on each shift with the previous window

position.

The SW-TR technique does not have the added complexity of optimization and search algorithms.
Due to the window stretching a larger length than an effective symbol period, in FBMC systems, the
overlapping nature of FBMC is accounted for. This leads to a lower level of complexity and improved

results over the OSLM and the multi-block joint optimization (MBJO) techniques.

This technique will suffer from the same drawbacks as TR for OFDM namely a decrease in BER
performance of the system. Due to the addition of non-data carrying subcarriers, a lower throughput
is to be expected which results in an effective increase in the BER of the system (energy is used for

non-data carrying tones).

2.7.3 Multi-block joint optimization

The MBJO technique in [10] utilizes a dynamic programming (DP) optimization based PTS tech-
nique. The DP algorithm is employed to find the most optimal phase rotation factors that can be
utilized in order to reduce the PAPR of the signal. This technique provides good results as the over-
lapping nature of FBMC is fully accounted for. However this performance, much like PTS for OFDM,
is at the expense of an exponential increase in complexity with an increase in prototype filter length

and number of phase factors used.
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Optimization techniques are plagued with a fundamental increase in system complexity. This is clear
from the trellis diagram depicted in [10] showing the possible states in the MBJO technique. As the
number of sub-blocks V and the number of possible phase factors W increases, the trellis will become
exponentially more complex. The complexity of the scheme is claimed to be O(NW") which may be

infeasible for practical implementations.

2.7.4 Tone reservation and ACE

In [39] a combined ACE and TR technique is presented called TRACE. The idea is to reduce the PAPR
even further through the combined effects of TR and ACE, hence some subcarriers are reserved for
PAPR reduction only and the rest have ACE applied to them. In [39] a significant PAPR reduction is
claimed through the use of the TRACE technique.

The article however cites some misconceptions common to many PAPR reduction techniques. In [39]
an improvement in BER performance is claimed along with very good PAPR reduction performance.
This is counterintuitive as an increase in distortion as well as adding reserved tones, reduces the data
carrying efficiency of the system and hence the BER is degraded. This claimed improvement could be
attributed to improper normalization of the signal energy after the PAPR reduction is performed whilst
the good PAPR reduction performance could possibly be attributed to a poor simulation platform

employing a low number of iterations.

2.7.5 Partial transmit sequence

Partial transmit sequence has also been successfully simulated for FBMC systems. In [54] a tech-
nique called segmental PTS (S-PTS) is proposed. This technique follows the same principle as PTS
for OFDM by searching for an optimal phase rotation vector for each symbol. However, due to
FBMC containing overlapping symbols, the overlapping signal is first obtained and the segmented
into multiple symbols. This allows for the effect of the overlap to be taken into consideration when
performing a search for the phase rotation vectors. Unfortunately the same drawbacks inherent to
PTS exist here, namely that the best searching method is an exhaustive search which can be massively

complex.
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2.7.6 Clipping and its iterative compensation

In [55] a clipping method is proposed which compensates for the clipping noise in order to increase
the system performance. Channel coding is used at the transmitter and iterative Bussgang noise can-
cellation (BNC) is applied at the receiver. The BNC receiver is modified to accommodate FBMC
based systems and the BER performance approaches that of unclipped FBMC signals. This demon-
strates that through compensation methods, such as BNC, the BER performance lost due to clipping
can be recovered at the receiver. The drawback is the increase in computational complexity of the

receiver in order to perform an iterative decoding function.

2.8 CONCLUSION

It is clear from this chapter that PAPR reduction in OFDM systems is a well researched topic. How-
ever, PAPR reduction research as applied to FBMC systems is still in an infant stage. This is evident
from the number of citations presented. Table. 2.1 summarizes the characteristics of the different
PAPR reduction techniques. It is evident that all the techniques provide decent PAPR reduction
performance and the trade-off comes into play with complexity, BER degradation or data rate loss

(bandwidth efficiency).

The following chapter introduces the author’s proposed techniques for PAPR reduction in FBMC
systems. A thorough explanation, detailed mathematical models as well as examples are provided in

this chapter.
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Table 2.1: PAPR comparisons of the various techniques discussed

OFDM
Technique | PAPR performance | BER degradation | Data rate loss | Complexity
ACE Good Yes No Low
TR Good No Yes Low
SLM Good No Yes High
PTS Good No Yes High
FBMC
OSLM Good No Yes High
SW-TR Good No Yes Medium
MBIJO Good No Yes High
TRACE Poor Yes Yes Medium
S-PTS Good No Yes High
BNC Good Yes Yes Medium
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3.1 CHAPTER OVERVIEW

This section provides a background on how ACE can be utilized in FBMC systems. Thereafter the
novel PAPR reduction methods proposed in this thesis, namely the two optimization based tech-
niques and the two SGP based techniques, are introduced. The optimization techniques form a basis
for mathematical evaluation with emphasis placed on the optimization problem and tight constraints
from which the core of the SGP methods are deduced. The optimization problem is derived in the
same fashion as that proposed in [12] however with a mathematical problem created for FBMC sys-

tems.

3.2 PAPR REDUCTION USING ACE FOR FBMC

The POCS ACE method can easily be adapted to be employed in FBMC systems. Due to the FBMC
transmit signal being composed of multiple overlapping symbols, it is infeasible to apply clipping and
rectification on a symbol-by-symbol basis. Therefore a frame based method is proposed, whereby the
FBMC modulated signal is clipped in a continuous manner and no distinction is made between sym-
bols until the demodulation step. The frame is comprised of multiple overlapping symbols and is
required for simulation purposes in order to clearly distinguish between the start and end of trans-
mission. This is achieved by following similar steps used in POCS ACE for OFDM where s;[n] is
representative of an FBMC modulated baseband frame containing M symbols. POCS for FBMC can

then be summarized as follows;

1. Clip the discrete FBMC modulated baseband frame s;[n] to an amplitude of & such that
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, Sl if [sy[n]| > &
§[n] = , 0<n<(M—-1)N/2+L—-1. (3.1
si[n], if [s;[n]| <6

2. Compute the negative of the clipped frame ¢;[n] such that:

8el0l — g [n], if |s;[n]| > &
cn] = , 0<n<(M—-1)N/2+L—-1. (3.2)
0, if [s;[n]| < &

3. Demodulate ¢;[n] to obtain the extension regions C;,, [k] where m and k represent the frequency

domain symbol and subcarrier, respectively, of the FBMC frame /.

4. Maintain only the real components of the PAM symbols C; ,, [k] which fall within the allowable

extension regions and set the rest to zero.

5. For oversampling or digital frequency domain filtering, set OOB components to zero, i.e. null

all subcarriers greater than N [46].
6. Modulate C; ,, [k] to obtain the time domain portion of the corrected clipped frame ¢&;[n].

7. Scale é[n] by some constant i and add it to the original time domain signal s;[n] to obtain $[n]

Siln] = si[n] + uéin], 0<n<(M—-1)N/2+L—1 (3.3)

8. Transmit §;[n] if it meets PAPR requirements, otherwise repeat from step (1) replacing s;[n]

with §n].

The adapted algorithm for FBMC has to maintain "real-only" PAM constellations as is required by
FBMC-OQAM. This is achieved in step 4 above and the resultant extended constellations can be
seen in Fig. 3.1. The red cross in Fig. 3.1 illustrate the original constellation points on the unity
PAM circle and the blue circles illustrate the distorted constellations in the allowable direction i.e. no
constellation points are distorted in a way that reduces the euclidean distance below unity. Figure 3.2
illustrates the ACE methods for 16-QAM equivalent FBMC systems. For this 16-QAM equivalent,

there is no distortion on the inner constellations much like ACE as applied in 4-PAM OFDM systems.
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This can be seen by noting that all the constellation points of the inner constellation exist on the unity

circle (the red cross in Fig. 3.2.
1c
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Figure 3.1: Extended real-only constellations for FBMC (QPSK equivalent)

The implementation of SGP ACE for OFDM systems is relatively straight forward due to discrete
symbols being obtained without an overlap. However, the nature of FBMC systems results in mul-
tiple overlapping symbols and therefore an SGP implementation would require searching for multiple
optimal scaling factors requiring additional signal processing. No method currently exists to expand
an SGP type implementation of ACE to FBMC. A contribution of this paper is to propose a vectorial
extension to the optimal scaling factor u for the FBMC frame of M symbols. The main objective of

this strategy is to speed up convergence as proposed in [12] for OFDM.
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Figure 3.2: Extended real-only constellations for FBMC (16-QAM equivalent)

3.3 NOVEL PAPR REDUCTION TECHNIQUES FOR FBMC

The proposed PAPR reduction techniques are based on current ACE methods expanded to FBMC
applications. Eq. (3.3) allows for scaling of the clipped portion ¢ [n] by a single scaling value across
the entire frame, i.e. all symbols in the frame will be scaled by the same value. This strategy does
not lead to the best performance since the frame is made up of M overlapping symbols which may be

scaled independently.

The main goal is to reduce the number of ACE iterations required to obtain a low PAPR, by finding
an extended vectorial scaling factor. This scaling vector allows for independent scaling of each over-
lapping symbol effectively adding an additional handle, by which the PAPR can be mitigated, at the

expense of additional signal processing.

We can rewrite Eq. (3.3) using a different scaling factor p,, for each corresponding symbol of the

frame as:

S§i=s;+Clu (3.4)
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T
si=[sl0], - s(M—VN2+L-1]] (3.5)
¢ol0] éro[l] -+ é10[N/2] ¢rolL—1] 0
R 0 0 &40 &lL=N/2—=1] ---
C=1| w1 0) . i =N/2=1 ‘ (3.6)
0 érm-110] éhM—l[L_]]_
N_l N '2 kll
imn] = k;) OkimCim K] pln — m= e’ mh (3.7)
and
T
w0 mome] (38)

From Eq. (3.4), it is clear that the new baseband FBMC signal, after PAPR reduction, is a function
of the individual overlapping clipped symbols, shown by the rows of matrix C, and scaled by their

relevant scaling factor o - - - tps—;. This is then added to back the original FBMC signal s;.

To obtain the discrete FBMC clipped symbol components of C,, the individual FBMC symbols must
be modulated in a non-contiguous manner. This is required to take into account the effect that each
clipped signal has on the original signal looking for the optimal L, for 0 < m < M — 1. This process

reduces much of the efficiency associated with the polyphase implementation.

Figure 3.3 illustrates the effective overlap of the clipped portions superimposed over the original
baseband signal. Each sample of §; can then be seen as a function of the original baseband signal s;,
as well as 2K samples of the overlapping clipped symbols ¢ ,,[n]. Convergence time can therefore
be decreased by optimizing L, to increase the effect that the clipped signals have on reducing the
peaks in the original baseband signal. However, the L, must be scaled carefully in order to avoid

peak regrowth.
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Figure 3.3: Clipped signals superimposed over original FBMC modulated signal

3.4 LP BASED OPTIMIZATION

Two methods are proposed, based on an LP optimization formulation, for finding the optimal scaling
factors U,. In order to provide the largest amount of PAPR reduction, the optimization aims to
maximize the U, scaling factors. The scaling factor is applied to the negative of the clipped portion
of the signal and therefore is equivalent to minimizing the peaks of the signal. Constraints have to
be placed on the u,, values in order to prevent peak regrowth and provide tight bounds on the LP

formulation which guarantees convergence to a lower or equal PAPR per iteration.

The second term of the right hand side of Eq. (3.4) can be written as:

bid
A N
Clp= ¥ Halin {|n|N/z + QNL/zJ —m) 5} : (3.9)

m=| s |- (2K-1)

with

n=[0,--,(M—1)N/2+L—-1], m=][0,1,2,--- ,M—1]. (3.10)

It should be noted that in order to keep the symbol causal and to limit the frame length, the summation

limits in Eq. (3.9) are limited by the constraints for m in Eq. (3.10). For example, a critically sampled
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FBMC system with N = 16 subcarriers and a frame length of M = 25,

AT N N N N
{Cru}tiso = Wmiién[62]+ wi2é112[54] + 1136113 [46] + 114é14[38]

+  Mi5C115[30] + ti6Cr16[22] 4 M178117[14] 4 118 ér18[6)], (3.11)

with {-}, representative of the n-th component of the vector. Equation (3.11) is an example which
provides insight into the constituent components of the FBMC signal at the 150™ discrete sampling
point. It is fundamentally important to understand the signal composition when applying a PAPR
reduction scheme, to the FBMC system, as any alterations or distortion to the original symbols will
have an effect on all of the sampling points which contain these constituent symbols. Once the
compositional make up of the signals is understood, it is possible to manipulate the original symbols
in order to meet certain constraints and improve on the PAPR of the signal. The following subsections

go into the details of the proposed LP based PAPR reduction techniques.
3.4.1 LP formulation 1

The aim of LP 1 is to minimize the largest peak in an FBMC frame. Therefore only a single reference
peak is chosen, namely the largest one in the frame. The optimization problem then prevents peak
regrowth from scaling any of the other discrete sampling points larger than the magnitude by which

the reference peak is reduced.

In order to prevent peak regrowth, the constraints for each sampling point are written in terms of the

My, scaling factors. The constraints for sample 7 of frame [, with npeqx the position of the peak,can be

written as;
AT ~T
s+ 467 b | < |[stbpeasd + (€7 Bha |
(3.12)
n=1[0,1,2,--- ,(M—1)N/2+L—1],
with
)
AT . Npeak N
{Crutne, = Z HmClm {|”peak|N/2 + <L\1;72J —m> 5} . (3.13)
m= Vge/azk J —(2K-1)
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Equation (3.12) implies that at each sample n, the magnitude of the baseband transmit signal s;[n],
combined with the scaled 2K clipped symbols overlapping at n ({é‘ ,T U1},), cannot exceed the value
of the peak of the frame, when combined with the scaled clipped symbols overlapping at the peaks
position, as indicated on the right hand side of (3.12). Consequentially, the sample cannot be increased
to a magnitude larger than that of the peak after it has been reduced. These constraints limit possible

peak regrowth and place a tight upper bound on the problem formulation.

In order to reduce the complexity of an LP based method, it is desirable to have purely real samples.
However, the output of the FBMC modulator is a complex baseband signal s[n]. For this reason,
utilizing a similar approach to that of [12], the magnitude of the sample ||s[n]|| and the projections
of the clipped symbols onto the original signal ¢,,[n] are used, in order to obtain real values for
the optimization problem. These projections provide good approximations of the magnitude of the

clipped symbols in the same direction as the original signal and can be calculated as in [12];

Rl s}

) = B

(3.14)

Equation (3.14) can be used to estimate Eq. (3.12) by replacing {é‘,Tu}n with {(_,'lT[,l}n. The new
equation is therefore purely real in nature as it is representative of magnitude only and can be written

as

[lsi[l|+ €1 }n < llsilnpead]|| + €/ Bhupy>  form=0,- (M= 1)N/2+L—1,  (3.15)

with C; a matrix of the same form as Eq. (3.6) with ¢ replaced by ¢. After moving the constants to the

right hand side and the variables to the left, Eq. (3.15) can be written as:

(€] Y —{C] B < llsilmpea]|| — [lsil]]]. (3.16)

Equation (3.15) provides a tight upper bound for the LP problem. To guarantee convergence a lower
bound is also required in the optimization formulation. A good lower bound can be formulated by

ensuring that the negative of the absolute value of the scaled samples at each sampling point are
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greater than the negative of the absolute value of the scaled peak. This can be formulated by adding

an extra set of (M — 1)N /2 + L constraints:

—lsi[)l| +{C] B }a > —|lstlnpeas] || +{C] BYnpse  forn=0,---,(M—=1)N/2+L—1. (3.17)

Asin Eq. (3.16), (3.17) can be written with all constants on the right and variables on the left resulting

in the final optimization formulation being written as:

max z = o+ U+ -+ Uy—1, (3.18)

S.t.

(€l 1Y —{C] B < lIstlnpea]]| = llstlnlll, forn=0,---, (M= D)N/2+L—1,  (3.19)

(€l 1} —{C] B = —lstmpea] || +s1[n)|| forn=0,---,(M—1)N/2+L—1,  (3.20)

Ly >0, form=0,--- ,M—1. (3.21)

This algorithm is an approximation due to the samples being complex in nature and the projections
being an approximation of the “growth" of the clipped signals in the direction of the original baseband
signal. Equation (3.18) is therefore the maximizing objective function with Eq. (3.19) and Eq. (3.20)
representing (M — 1)N + 2L constraints. Equation (3.21) represents the positive requirement for the

Uy, vector being optimized.
3.4.2 LP formulation 2

The aim of LP 2 is to minimize the PAPR of individual sections of the frame, instead of over the entire
frame as in LP 1. This approach therefore handles smaller sections and can achieve superior PAPR

performance with a lower average transmit power increase. This is done by changing the optimization
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formulation. Instead of attempting to reduce a single peak in the frame, the goal is to reduce M peaks
in overlapping sections of length L. The objective function is also scaled based on the magnitude of
the peaks. This allows for higher priority on the larger peaks. In order to do this, we define a new

peak position vector npe,x Which can be defined as:

T
Mpeak = [npeak 0 Mpeak1 " TMpeak M — 1] ) (3.22)

with npeak o the position of the peak on the interval 0 < n < L — 1, npeax | the position of the peak on
the interval N/2 <n < L+N/2—1, and so forth. These peaks set the limits for the intervals of length

N/2.

The new optimization formulation can be set up as follows:

max z = o+t +---+Uy—1, (3.23)

subject to the following constraints;
=T =T
{Cr b —{C Mo < lsilnpeaxolll = [[si[n]ll,  forn=0,1,--- L1, (3.24)

=T =T
{Cl y’}'l_{cl y’}'lpeakoZ_Hsl[npeak()]H+Hsl[n]H7 fOrn:O,l,---,L—l, (325)

_T _T N N
€1 b =€ Bhnear < [lsilmpeac Il = [lse[mlll, - for 5 <n<L+5—1, (3.26)
_T _T N N
€1t =G Bhnear 2 —lstlmpeacilll + [lsi[n]ll, - for 5 sn<L+——1, (3.27)
AT =T
{Crp3n —{C) Bhngescrns < lsi[mpeax ]l = [lsa [l
(3.28)
N N
AT =T
{Cr 3 —{C) Bhngescrna = = lst[rpeac ] ||+ [ s [n],
(3.29)
N N
Un >0, form=0,--- M—1. (3.30)
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The objective function of Eq. (3.23) can also be scaled by the relevant peak magnitudes to which the
symbols contribute. This adds priority to larger peaks. This can be done by noting the projections
at the peak positions of the clipped symbols. The larger peaks will result in larger projections and
therefore, these projections can be used as scaling factors in the objective function of Eq. (3.23) in

order to speed up convergence time to a lower PAPR.

3.5 SGP EXTENSION

Two additional methods are proposed based on a more direct extension of the SGP ACE method
to FBMC. These methods do not require the use of a linear programming methodology, which can
have high computational complexity depending on the problem. Once again, both methods focus on

finding an optimal scaling factor 1 or scaling factor vector U.

3.5.1 SGP Single scaling

This method follows closely to that of the SGP proposed in [12] for OFDM systems. The focus
is on finding a single scaling factor u by which we can scale the entire clipped frame ¢ [n] given
by Eq. (3.3). This approach can be seen as sub-optimal as the component clipped signals can be
scaled independently for greater effect. However, due to the nature of the polyphase implementation
of FBMC performing modulation in a contiguous manner on overlapping symbols, a single scaling
method is well suited for polyphase implementation. The proposed single scaling method, does not
require differentiation between the individual symbols in the FBMC frame, which can greatly reduce

complexity.

The implementation of the single scaling SGP method is relatively straight forward and can be seen as
a generalization of the OFDM method in [12] to an FBMC implementation. Once the clipped portion
of the signal across the entire frame is obtained, it can be superimposed over the original signal to

obtain the projections. This is illustrated in Fig. 3.4.

The projections are obtained in a manner similar to Eq. (3.14), but with a single vector spanning
across the entire frame. In order to obtain the best suited scaling factor u for the entire clipped frame
¢/[n], only the projections in the steady-state part of the frame are observed, as illustrated by the solid
line of the arc in Fig. 3.4. The samples in the transient state are often small in magnitude as they do

not contain 2K overlapping symbols and as can be seen in Fig. 3.5, are scaled by a small magnitude
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Figure 3.4: Clipped signals superimposed over original FBMC modulated signal for M = 11

of the corresponding filter response. The signal behaviour in the transient is therefore erratic and not
accurate for use in calculating the u value. The steady state section begins approximately a full filter

length into the frame and ceases a full filter length from the end of the frame.

The single scaling SGP method for FBMC requires some alterations of the method in [12] and can be

summarized as follows;

1. Find the peak of the frame, P, inside the steady state region (the peak should almost always

exist in the steady state region of the transmit data block) as well as the peak position 71,¢a.

2. Calculate the projections ¢;[n] of the clipped frame ¢ [n] only along the viable interval by per-

forming the dot product:

(3.31)

for

L-N/2<n<(M—-1)N/2. (3.32)

3. Consider only the values of ¢;[n] that are positive and therefore result in magnitude growth.

4. Compute the scaling factor for each of these projections:

P —sin

pn] = sl # Npeak (3.33)
cin] — &ifnpea]
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5. Use the minimum value of p[n] (so that no peak regrowth occurs) as the scaling factor for the

whole frame, namely

U = min(W(n]). (3.34)

6. Scale the clipped signal ¢ [n] by u and add it to the original signal to obtain the new transmit

signal,

$iln) = siln] + péifn), n=1[0,1,---,(M—1)N/2+L—1]. (3.35)

7. If u is negative, stop the iterative ACE algorithm as any further PAPR reduction attempts will

result in peak regrowth.

3.5.2 Overlapping SGP

As mentioned in section 3.5.1, the single scaling SGP method presented above scales the clipped
signal, which spans the entire frame, by a single scaling factor. This method can be expanded to
consider the impact of the individual symbols on the original baseband signal and obtain an optimal
scaling vector i by which we can scale each individual symbol separately allowing for higher degrees

of freedom.

Once again we obtain the discrete clipped FBMC symbols in isolation namely ¢ /[n]. As in Fig. 3.6,
each clipped symbol only has an effect on a portion of length L on the original transmit signal.
However, when observing the impulse response of the filter as shown in Fig. 3.5, only the middle half
of the impulse response actually has significant values. The rest of the impulse response values are
almost negligible. This is also illustrated in Fig. 3.6 where the solid line of ¢; 4[n] and ¢; 5[n] represent
the significant portion of the clipped signals. Therefore to calculate a more accurate estimate for
u we only consider the middle section of length N of the clipped symbols. The peak value of the
original transmit signal s;[n] is then calculated between these intervals. This is used to calculate a
ratio between the new positive projections and the peak on this interval. In order to calculate the
projections ¢;,,[n] of é;,,[n] onto the phase angle of the original transmit signal, the dot product can

be used. This calculates only the component of ¢[n] projected on the same phase angle as the original
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Figure 3.5: PHYDYAS filter impulse response with K =4, L = 256

signal. In order to mitigate peak regrowth, the goal is to reduce the magnitude of the peak as much
as possible, whilst simultaneously limiting new projections that occur on other samples that may
result in peak regrowth. Once again only positive projections are considered as they indicate peak

regrowth.
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Figure 3.6: Clipped signals superimposed over original FBMC modulated signal

As can be seen by Fig. 3.6 the significant portion of the clipped signals only overlap on an interval
of length N whereas the actual clipped signals overlap over the interval L = KN. The scaling of the

clipped portions still have an effect on a length L of the original transmit signal.
The overlapping SGP technique can be summarized as follows:
1. Obtain the clipped symbols & o[n],--- ,é m—1[n].

2. Begin by setting m = 0.
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3. Obtain the projections of ¢;,,[n] on the meaningful intervals of length N as

_ R{einlk]siln]}

Cimlk (3.36)
T
with
n=mN/2+k, 3N/2<k<5N/2-1 (3.37)
4. Find the peak P, on the meaningful interval and its corresponding positions npeak, as
P,, = max|s;[n]| (3.38)
with
mN/24+3N/2<n<mN/2+5N/2,
(3.39)

m=1[0,1,--- ,M—1].

5. Compute the scaling factors for all of the projections by only considering the positive projec-

tions, on the meaningful interval calculated in (3.36), as

P, —
] = — L5l (3.40)
Cl.m [n] —Clm [npeakm]
6. Use the minimum value of p,,[n] as the scaling factor for symbol m
Uy = min(y, 1)) (3.41)
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7. Scale the clipped symbol é;[n] with its relevant scaling factor y,, and add it to the original signal

s7[n] to obtain the new transmit signal §[n] as

$1ln] = si[n] + wnéyn] (3.42)

8. Return to step 3), set m = m + 1 and update s;[n] with §;[n] obtained in step 7).

9. Once a scaling factor has been obtained for each clipped symbol, a full overlapping SGP itera-

tion has been completed.

10. If the PAPR meets requirements, transmit the new updated $;[n], otherwise repeat the clipping

process.

It should be clear from the methodology described above for the overlapping SGP method, scaling
values are obtained for each symbol starting at symbol O and the transmit signal is updated on a sym-
bol by symbol basis. The updating therefore starts at symbol O and propagates through the entire
frame until symbol M — 1 has been updated. This can be considered as a forward progression through
the frame. Each consecutive symbol therefore depends on the previous symbol to calculate its re-
spective projections and scaling factor. If a scaling value smaller than zero is obtained for a specific
symbol, the scaling factor for that symbol is set to zero as it indicates that scaling will result in peak
regrowth. However, the process does not terminate. There may be other symbols that can reduce the

PAPR and so the scaling factors for other symbols is continued.

The fact that the SGP type proposed methods depend only on previous symbols imply that the min-
imum system delay obtainable by the SGP type methods is the length of the filter, namely L. It can
also be seen at step 6 that the minimum value of w,,[n] is chosen whereas the proposed optimization
methods aim to maximize the p,, values. The justification for the difference is that the minimization
criterion is built into the optimization problem in the form of constraints placed at each sample point,

namely (3.19)-(3.20) and (3.24)-(3.29).

3.6 CONCLUSION

Four novel PAPR reduction methods are described in this section for FBMC PAPR reduction. They
include the LP 1 and 2 based methods and the SGP single scaling and overlapping SGP methods. A
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detailed mathematical model of the discrete sampling points in an FBMC frame is derived in Eq. (3.4)-

(3.8) which will assist with future work in the PAPR reduction field for FBMC systems.

The following chapter contains the results of the proposed methods under a Monte Carlo based sim-

ulation environment.
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4.1 CHAPTER OVERVIEW

In this section, we illustrate the performance of the proposed ACE-based PAPR reduction techniques
for FBMC modulation using different figures of merit namely: PAPR, out-of-band distortion, in-band
distortion and effects of varied clipping levels. In addition, we present a study of the power amplifier
efficiency improvement allowed with the implementation of the PAPR reduction methods introduced

in this work.

In the illustrative simulations, the FBMC system is implemented by using a PHYDYAS [56] based
prototype filter with overlap factor K = 4. The number of active subcarriers is set to N = 64 unless
otherwise stated. It is shown in [56] that when considering near perfect reconstruction orthogonal
prototype filters, the choice of prototype filter does not have a significant effect on the PAPR of the
FBMC signal. On the other hand, the overlapping factor may in fact have an effect on the PAPR
when considering the different techniques (i.e. slightly modified algorithms are required if a different
overlap factor is chosen). The choice of K = 4 is done for accurate comparison to other current
methods in the field which employ the same overlap factor. The clipping factor, &, for all simulated

methods, was chosen at 4dB unless otherwise stated.

4.2 PAPR REDUCTION PERFORMANCE

Clipping based PAPR reduction techniques work on the principle of reducing the peaks through clip-
ping and reconstruction of the new constellations. By reducing the peaks in the time domain signal,
the PAPR is effectively reduced. This effect is illustrated in Fig. 4.1 showing the original time do-
main frame and the transmitted, PAPR reduced, time domain frame. In Fig. 4.1b the SGP overlapping

method was applied using QPSK modulation and the results are after the 2nd iteration of the PAPR re-
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Figure 4.1: Discrete time domain FBMC frames illustrating the effects on reducing the peaks in the

signal

duction technique. In Fig. 4.1b a much more condensed frame can be noted. This is important as large
peaks such as those in 4.1a are reduced allowing for more efficient HPA operation. The large input

back-off can now be reduced as the probability of obtaining a high PAPR has been reduced.

The CCDF, as defined in Eq. (2.19), of the PAPR can be used to evaluate the performance of dif-
ferent PAPR reduction techniques. The CCDF gives us the information to define an adequate power
amplifier operation point, i.e. backoff, with minimum distortion at a predetermined probability. The
amount of backoff to be applied is a function of the CCDF of the PAPR and the requirements of
OOB and in-band distortion specified. The PAPR was measured using Eq. (2.21) so as to accurately
compare to OFDM signals of the same symbol period length. Figure. 4.2 shows that in order to obtain
a clipping probability of 10~3 an incredibly large input backoff would be required in the HPA. This
reiterates the need for some kind of PAPR reduction technique prior to transmission in FBMC or any

other multicarrier system.

Figure. 4.2 and Fig. 4.3 illustrate the CCDF of critically sampled FBMC systems employing 64 sub-
carriers, with QPSK modulation, for the SGP and LP based proposed methods respectively. From
the results it is clear that significant reduction in PAPR performance is achievable with the proposed
algorithms. In Fig. 4.2 a PAPR reduction of over 3.5 dB is achievable in a single iteration of the pro-

posed SGP overlapping and SGP single scaling methods at a clipping probability of 1073, This offers
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significant advantage over a standard POCS approach to FBMC, which only achieves PAPR reduc-
tion of approximately 2.5 dB after three iterations at the same clipping probability. The LP2 method
in Fig. 4.3 provides similar PAPR reduction capabilities in a single iteration. The LP1 formulation
does not achieve as high reduction upon the first iteration, but converges to similar performance upon
the third iteration. All the proposed methods obtained PAPR reduction of over 4 dB upon the third
iteration, with the SGP overlapping method achieving approximately 4.7 dB PAPR reduction from

the original FBMC envelope at 103 clip probability.

It should be noted that in a critical sampled system, a clipping and filtering method can effectively
be reduced to a hard clipping method as no spectral leakage can be emulated for this kind of system.
Therefore the hard clipping results in significant PAPR reduction, however, at the expense of severe

in-band distortion.

100 — T P — | e——— | D | — .
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N NIRRT IR ~ — — OFDM
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Figure 4.2: PAPR performance comparison for critically sampled QPSK FBMC modulation employ-
ing 64 subcarriers (SGP methods)

The algorithms were expanded to an equivalent 16 QAM modulation based FBMC to show the effects

of higher order modulation on the PAPR reduction capabilities of the proposed methods. Due to
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Figure 4.3: PAPR performance comparison for critically sampled QPSK FBMC modulation employ-
ing 64 subcarriers (LP methods)

the ACE based methods retention of the minimum euclidean distance in each constellation, PAPR
reduction performance are less effective on higher order modulations. This is due to a reduction
in the degrees of freedom in the algorithms as only the outer constellation points can be extended.
Figure. 4.4 and Fig. 4.5 illustrate the PAPR performance of the proposed methods using 64 subcarriers

in a critically sampled 16 QAM system.

The LP1 based technique suffers on the first iteration when scaled to 16 QAM based modulation
technique as can be seen in 4.5. The technique however recovers and converges to under 7dB at a
probability of 1073, along with the other proposed techniques barring the SGP single scaling tech-
nique, in three iterations. This still amounts to a reduction of around 3dB over the original FBMC

envelope.

It should be noted that critically sampled systems offer very ideal PAPR performances and excellent

PAPR reduction across almost all methods. However, a critically sampled system poorly simulates the
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Figure 4.4: PAPR performance comparison for critically sampled 16 QAM FBMC modulation em-
ploying 64 subcarriers (SGP methods)

true analogue nature of the signal [12]. The PAPRs achieved in Fig. 4.2, 4.3, 4.4 and 4.5 are therefore
highly optimistic at best. These however remain important as most literature published is based on
critically sampled systems. A more accurate representation of the PAPR of a signal can be achieved
through up-sampling. This allows for closer approximation to analogue signals and is achievable in
an OFDM or FBMC system by applying a highly up-sampled IFFT block [12]. This can be done by

adding trailing zeros to all subcarriers greater than N thereby creating an upsampled IFFT.

In order to retain the performance of any PAPR reduction technique, it is imperative to perform
processing on an already upsampled signal. It is therefore necessary to perform the proposed PAPR
reduction techniques on an oversampled system and then up-sample again after the technique has
concluded [12]. This allows for better estimation of the peak regrowths in the true analogue domain,
as the samples in the time domain have a higher resolution and possible peaks in between samples
are not missed. As the upsampling factor of the processed signal is increased, so to does the PAPR
performance after the signal is converted to the true analogue domain. Due to processing constraints,
there is a limitation on the amount of upsampling which can be performed. A good trade-off of

computing power versus PAPR performance was found by upsampling by only a factor of two for

Department of Electrical, Electronic and Computer Engineering 53
University of Pretoria

© University of Pretoria



-
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Q= YUNIBESITHI YA PRETORIA

CHAPTER 4 Results

FBMC original
— — — OFDM
LP1-1stiter
—*— LP1-2nd iter
—4A— LP1-3rd iter
LP2-1st iter
LP2-2nd iter
LP2-3rd iter
Clip+Filter-1st iter |]
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr —*— Clip+Filter-2nd iter
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, —+4A— Clip+Filter—3rd iter ||

CCDF

PAPR (dB)

Figure 4.5: PAPR performance comparison for critically sampled 16 QAM FBMC modulation em-
ploying 64 subcarriers (LP methods)

the PAPR processing. Due to the law of diminishing returns, significantly less PAPR performance is

gained by upsampling further as shown in [12].

Figure. 4.6 and 4.7 illustrate results after twice oversampling the PAPR reduction techniques and then
applying an oversampling of 8 times to estimate the true analogue nature of a 64 subcarrier, QPSK
system. The results in Fig. 4.6 and 4.7 allow for a clear distinction between the proposed methods
and more accurately provide expectations for real world performance. It is clear that all proposals
far exceed the performance of a POCS type implementation, with only clipping and filtering offering
superior performance. Once again, the LP1 proposal provides the weakest performance on the first
iteration, but tends to converge to the best performance upon the third iteration. The LP2, SGP single
scaling and SGP overlapping proposals offer PAPR reduction of 2.9, 3 and 3.3dB respectively upon

the first iteration at a clip probability of 1073,
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Figure 4.6: PAPR performance comparison for estimation to analogue, upsampled QPSK FBMC

modulation employing 64 active subcarriers (SGP methods)
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Figure 4.7: PAPR performance comparison for estimation to analogue, upsampled QPSK FBMC

modulation employing 64 active subcarriers (LP methods)
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The LP based proposals provide a benchmark for theoretical upper limit on PAPR reduction capabil-
ities per iteration. It can be seen from Fig. 4.6 and Fig. 4.7 that the performance of the SGP overlap
method is negligibly close to that of the upper limit per iteration with a much lower level of com-
putation complexity. Therefore, for the rest of the simulations in this section, the LP formulations
will be excluded. The remaining simulations were all performed on upsampled systems so that a true

indication of analogue performance can be illustrated.

Figure. 4.8 illustrates the performance of 16 QAM modulated FBMC employing the SGP based tech-
niques. It is clear that once upsampling techniques are employed on a 16 QAM modulated system, the
PAPR reduction capabilities are reduced. This is an inherent flaw in ACE based methods for higher
order modulation systems and the PAPR reducing capability reduces significantly as the modulation
order is increased higher than 16 QAM.
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Figure 4.8: PAPR performance comparison of FBMC, 16 QAM modulation employing 64 subcarri-

€rs

One of the benefits of ACE type PAPR reduction techniques is the scalability as the subcarrier count
increases. As the subcarriers count is increased, the PAPR reduction capabilities of ACE is also
increased. This is because more subcarriers exist to which the ACE method can be applied, effectively

providing more handles for controlling the PAPR. This is a major benefit over alternative methods of
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reducing PAPR which often require the addition of additional tones or more complex optimization

problems in order to retain PAPR reduction performance as subcarrier count increases.

Figure. 4.9 and 4.10 presents the results of 128 subcarrier, oversampled FBMC systems. It can be
seen in Fig. 4.9 and 4.10 that the PAPR of the original FBMC envelope, when employing N=128 sub-
carriers, has increased by 0.5dB. The PAPR of the signals after the techniques have been employed,
remain almost unchanged from the 64 subcarrier simulations presented in Fig. 4.6 and 4.8. This is
indicative of an increase in PAPR reduction capabilities as the subcarrier count is increased. This

result reinforces that the techniques scale very well with an increase in subcarrier count.
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Figure 4.9: PAPR performance comparison of FBMC employing QPSK modulation with 128 sub-

carriers
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Figure 4.10: PAPR performance comparison of FBMC, employing 16 QAM modulation employing

128 subcarriers

4.2.1 Effects of varying clipping levels on PAPR reduction performance

The chosen level of clipping can have an effect on the final PAPR reduction performance. The extent
of the performance reduction however is not always apparent and varies between PAPR reduction
methods. In order to evaluate these effects, the simulations in this section show the PAPR reduction
performance of the proposed techniques at 3,4 and 5dB clipping levels. For simplicity, a critically

sampled system was chosen with 64 active subcarriers in this section.

From Fig. 4.11 to Fig. 4.14 it is interesting to note that the changes in the clipping level do not have
a significant effect on the proposed PAPR reduction algorithms. This can be attributed to the tight
constraints surrounding the SGP algorithm limiting peak regrowth and allowing maximum constel-
lation extension per iteration. The clipping and filtering algorithm can achieve significant reduction
in PAPR if an aggressive clipping level is chosen. This however comes at the expensive of severe

in-band distortion as can be seen in Section. 4.4.1.

The POCS algorithm is shown to provide more varied results based on the clipping level and increas-
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Figure 4.11: PAPR performance comparison on 1st iteration with varying clipping levels
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Figure 4.12: PAPR performance comparison on 1st iteration with varying clipping levels
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Figure 4.13: PAPR performance comparison on 2nd iteration with varying clipping levels
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Figure 4.14: PAPR performance comparison on 2nd iteration with varying clipping levels
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ing the amount of clipping does not necessarily decrease the PAPR of the signal as can be seen in
Fig. 4.11 and 4.13. In fact in the range 3-5dB, increasing the amount of clipping actually decreased
the PAPR performance. This is the opposite effect to all of the other simulated techniques. A pos-
sible explanation for this is that the POCS algorithm does not have any smart scaling capabilities and
by increasing the amount of clipping, additional constellation correction is required which ends up

reducing the PAPR performance.

4.3 OUT-OF-BAND DISTORTION EVALUATION

A matter of critical importance is the spectral leakage of the proposed methods. FBMC has gained
much favour due to the very low spectral leakage. However, when a high power amplifier clips, severe
spectral leakage can occur. That is one of the fundamentally important features of PAPR reduction
techniques, i.e. they prevent high power amplifier (HPA) clipping and therefore reduce unwanted out-
of-band interference. In order to accurately simulate and observe the results of the proposed PAPR
reduction techniques in terms of power spectral density (PSD), a system was simulated using 64
active subcarriers with twice oversampling prior to 8 times oversampling for estimation to analogue.
An ideal class A HPA was simulated with a hard clipping level of 5 dB. This allows regular clipping
and hence the effects of the out-of-band distortion created by the HPA clipping, after PAPR reduction
processing, can be observed. It should be noted that the PSD only gives an indication of the out-
of-band leakage and no indication of the in-band distortion caused by HPA clipping. This will be

evaluated in terms of BER performance.

The tight spectral shaping achievable by an unclipped FBMC systems versus unclipped OFDM sys-
tems is illustrated in Fig. 4.15. However, this fundamentally important characteristic, inherent to
FBMC, can be severely degraded should clipping occur at the HPA. This can be seen by the FBMC
clipped signal in Fig. 4.15 and 4.16. As in the OFDM scenario, the sidelobe amplitudes are greatly
increased, when clipping occurs. This is illustrated when comparing the OFDM ideal/unclipped and
FBMC ideal/unclipped plots to the OFDM clipped and FBMC clipped plots. The performance of
the proposed techniques is evaluated and it is clear that significant reduction in out-of-band leakage
can be achieved, after clipping, when any of the proposed techniques are implemented. The SGP
Overlapping technique after a single iteration provides superior performance to that of an unclipped
OFDM signal highlighting the effectiveness of the PAPR reduction technique. However, it is still

clear that the rather rudimentary technique of clipping and frequency domain filtering provides the
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best performance. This is to be expected as the PAPR reduction of the clipping and filtering technique

is superior to all other techniques due to no in-band distortion correction.
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Figure 4.15: PSD of the proposed PAPR reduction techniques employing 64 active subcarriers and

oversampling estimation to analogue

Figure. 4.15 utilizes the PWELCH averaging function to display the power spectral density of the
signals. The true extent of the sidelobes can be lost when applying a windowing filter function
as is present in the PWELCH function as samples are averaged. This allows the zeros to greatly
reduce the average. Figure. 4.16 illustrates the frequency spectrum utilizing a direct application of
the FFT function. This allows for clear distinction of the sidelobes. Here, the clear distortion of the
OOB components can be seen when clipping occurs. Figure. 4.17 shows a zoomed in section of the
sidelobes so that a clearer distinction between the methods can seen. To avoid clutter, only the SGP

single and overlapping techniques are illustrated.

From Fig. 4.17 the SGP Single and SGP Overlap methods have on par performance. This would
imply similar PAPR reduction performance. However, 4.1 highlights the small differences in terms
of performance. Figure. 4.17 also highlights the significant improvement of FBMC PAPR reduced
signals over that of OFDM in terms of the OOB spectral leakage.
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Figure 4.16: PSD of the proposed PAPR reduction techniques using an FFT illustrating the sidelobes

The adjacent channel power ratio (ACPR) is a figure of merit that can be calculated from Fig. 4.15
and provides an indication on the spectral leakage into adjacent bands. It effectively measures the

ratio of in-band power to OOB power and is defined as [57]

B Y (Nds
ACPR = 10log;, <7ffmamY(f)df> , 4.1)

with Y (f) the power spectral distribution at the output of the HPA and f and fmain the frequency
range of the adjacent channel into which leakage occurs and the main in-band channel respectively.
For the ACPR calculations, the main channel was considered between 0 and 2 MHz and adjacent
channel was considered between 7 and 9 MHz. The results can be found in table 4.1. These results
illustrate the benefits of the proposed techniques in cognitive radio environments where ACPR must
be minimized in order to mitigate interference between neighbouring bands. This can greatly benefit
opportunistic communications where secondary users can now utilize a smaller spectral gap without

interfering with the primary users around them.
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Figure 4.17: PSD of the proposed PAPR reduction techniques using an FFT illustrating zoomed

sections of the sidelobes

Table 4.1: ACPR comparison of PAPR reduction techniques with 8 times oversampling

Original envelope FBMC PAPR reduction method

ACPR Ideal FBMC | Clipped FBMC | Ideal OFDM | Clipped OFDM | SGP1 SGP2 LP1 LP2 POCS | Clip+filter

Ist iter(dB) —50.6 —29.84 —39.49 —29.18 —40.13 | —41.19 | —38.84 | —41.44 | —31.38 | —45.19
3rd iter(dB) —50.6 —29.84 —39.49 —29.18 —42.56 | —46,61 | —48.73 | —44.97 | —34.13 -50.6

4.4 IN-BAND DISTORTION EVALUATION

The matter of BER degradation is often left unattended to due to poor performance when PAPR re-
duction techniques are applied. The trade-off for all PAPR reduction techniques is a fundamentally
important sacrifice in BER performance. This is due to the inherent nature of increase average trans-
mit power, applying constellation distortion or lowering the data-rate (which can be modelled as an
increase in average bit energy required to transmit the same information). This is explained in more

depth in Section. 2.6.1.

A figure of merit and often a factor for consideration, when in-band distortion arises, is the error
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vector magnitude (EVM). This is a measure of the root mean square (RMS) of the absolute distance
introduced between the original unmodified constellations and the new distorted constellations. The
EVM process can accurately predict BER degradation in distortion techniques as the distortion can
be modelled as a random statistical process. However, when considering a constellation extension
method such as the ACE technique, the EVM does not provide the same linear relationship between
BER degradation and EVM. This is due to the non-random nature in which the constellations are dis-
torted, as ACE only allows distortion which increase the minimum Euclidean distance. ACE methods
do however result in an increase in average transmit power. This factor must be taken into considera-
tion for BER analysis, as the new modified constellation points have larger transmit power than in the

unmodified case.

Fig. 4.18 presents the BER results of the proposed techniques, by evaluating the in-band distortion
produced by the relevant techniques. These results are produced using a critically sampled, 64 subcar-
rier QPSK system. It should be noted that Fig. 4.18, does not consider the effects of amplifier clipping
distortion and only considers the effects of the distortion inherent in the PAPR reduction techniques
prior to amplification. As is to be expected, there is BER degradation across all techniques. How-
ever, it should be noted that, even though the clipping and filtering technique offers superior PAPR
reduction capabilities, this comes at the expense of severe in-band distortion. The ACE based meth-
ods mitigate some of that distortion by only allowing extensions into allowable regions and therefore
offer superior BER performance. It is clear that the single scaling proposal offers the least amount of
BER degradation of the proposed methods. This is due to the lower scaling factors inherent of this
technique. LP1 seems to offer rather poor BER performance in relation to the other proposals, whilst
LP2 provides an acceptable amount of BER degradation even at higher iterations. The first iteration of
the overlapping SGP algorithm offers very good BER performance, however this performance tends
to worsen significantly after the first iteration. This can be attributed to the less strict constraints ap-
plied to the overlapping SGP proposed method. The tight constraints on LP2 provide excellent BER

performance combined with significant PAPR reduction.

The BER performance of all the proposed techniques can be increased by limiting the maximum
allowable scaling factor, or limiting the maximum allowable constellation extension regions. This
allows a hard-limit to be placed on the maximum possible increase in average transmit power. This
trade off comes at the expense of slight degradation in PAPR reduction capabilities. However, if the
maximum scaling value is chosen smartly, almost negligible sacrifice can be made to PAPR reduction

capabilities with significant boosts to BER performance. This is because the large increase in average
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Figure 4.18: BER results of the proposed FBMC PAPR reduction methods of a critically sampled

system

transmit power comes predominantly from clipped values that are very small, and so the algorithms
tend to favour large scaling values when these situations occur. Due to the very small size in the
clipped signals, their peak reducing capabilities are not significant and require large scaling to make a
contribution. By limiting the maximum scaling factor, we essentially limit predominantly these points
and therefore almost negligible performance is lost in terms of PAPR reduction capabilities. In fact, a
new optimization formulation can be proposed that can set a limit on maximum constellation exten-
sion in order to obtain a tight trade-off between PAPR reduction and BER performance degradation

caused by constellation distortion.

The BER performance degradation for ACE based methods are closely related to the average transmit
power increase and do not reach an error floor as fast as a hard clipping method. Table 4.2 illustrates
the average power increase across 10 000 frames. The average transmit power increase caused by LP1
is significant at 1dB on the first iteration. This closely resembles the BER performance degradation.
The rest of the methods follow similar trends with lower BER degradation corresponding to the lowest

power increase of the POCS based methods.
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Table 4.2: Average transmit power increase comparison of proposed methods

Average power increase (dB) | POCS | Clip+filter | SGP Single | SGP overlapping | LP1 LP2
Ist iter 0.084 -0.312 0.333 0.499 1.009 | 0.446
2nd iter 0.151 -0.420 0.373 0.522 1.047 | 0.467
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Figure 4.19: BER results of the proposed FBMC PAPR reduction methods of a critically sampled 16
QAM system

In Fig. 4.8 and Fig. 4.10 it was shown that by increasing the modulation order we reduce the PAPR
reducing capabilities of the system. The effects on the BER degradation, when using a 16 QAM
modulation scheme, are shown in Fig. 4.19. The BER degradation of the proposed techniques is not
as severe as a clipping and filtering based technique. This can be attributed to the limitations placed
on the extension regions of the ACE algorithm. The reduction in the degrees of freedom of the ACE
algorithm, when applied to 16 QAM modulated systems, tend to prevent most constellation points
from being distorted (the inner constellations remain unchanged). This limits the BER degradation

when compared to a clipping and filtering based approach with no constellation correction.
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Figure 4.20: BER comparisons with varying clipping levels

4.4.1 Effects of varying clipping level of BER performance

In Section. 4.2.1, the effects on PAPR reduction were compared when the clipping levels are var-
ied. The simulations in this section compare the BER degradation with the same varied clipping

levels.

It is clear from Fig. 4.20 and Fig. 4.21 that varying the clipping levels also has an effect on the BER
performance of the system. This highlights the trade off present when applying PAPR reduction
techniques to multicarrier modulation schemes. Increasing the PAPR reduction performance comes
at the expense of a decrease in BER performance. It is clear that the clipping and filtering technique
degrades significantly in BER performance as the clipping level is increased to 3dB as can be seen

with the error floor being reached fairly quickly.

From the simulations, a clipping level of 4dB was found to provide a good compromise between

PAPR reduction performance and BER degradation.
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Figure 4.21: BER comparisons with varying clipping levels

4.5 POWER AMPLIFIER EFFICIENCY EVALUATION

The required amount of PA backoff is closely related to the PAPR of the multicarrier signal. Large
PAPR levels lead to increased backoff and reduced power efficiency. The power saving achieved with
each PAPR reduction methods can be drawn in the field using the theoretical upper limit for efficiency

n of class A amplifiers. This is given by [58]

1 = 58.7 x exp (—0.1247 x PAPR3). 4.2)

In order to compare the efficiency of the proposed methods to that found in [9, 10, 11], the best case
scenarios presented in the literature were compared to the proposed methods. Due to most current
methods in literature only simulating up to a clip probability of 10~ for critical sampled FBMC
employing 64 subcarriers, this was decided as the base metric for comparison. Using the PAPR
reduction capabilities at a probability 1073 it is easy to calculate an estimate for the efficiency of the
different methods. The efficiency comparison between the proposed methods and current methods

available in literature is calculated using (4.2) on the third iteration of the proposed methods at a
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clipping probability of 1073 and is given in Table. 4.3. As can be seen in the table, the overlapping

SGP proposed method offers the highest amplifier efficiency.

Table 4.3: Class A power amplifier efficiency (1) comparison of critically sampled PAPR reduction

performance for FBMC systems

Proposed PAPR reduction method Current literature

Original FBMC | SGP1 | SGP2 | LP1 LpP2 OSLM | SW-TR | Optimized PTS
PAPR at 1073 (dB) 10.15 6.07 | 549 | 597 5.96 8.4 6.15 59
n(%) 16.56 27.56 | 29.60 | 27.88 | 27.92 20.59 | 27.09 27.43

4.6 IMPLEMENTATION COMPLEXITY

Implementation complexity costs are a serious factor for consideration for any newly proposed tech-
nique. Considering the results obtained for the cognitive radio scenario for filtered OFDM and FBMC
in [2], both implementation complexities are comparable but high. Adding to this, the iterative char-
acteristic of PAPR reduction techniques may lead to system complexity that is completely infeasible

in practice.

For the LP based problems, each ACE iteration requires the use of the simplex algorithm to solve on
optimization problem involving M decision variables and 2((M — 1) x N/2+ L) constraints. This can
be considered a significantly “hard" problem to solve, especially when introducing a higher number
of subcarriers. The simplex algorithm has in the worst case an exponential time complexity whilst
the complexity of a randomized simplex implementation is not known [59]. The per iteration based
complexity of the LP formulated problems therefore far exceed the proposed SGP methods and most
likely render their practical implementation infeasible. The LP formulations are included as a bench-

mark for a theoretical upper bound on PAPR performance of the proposed SGP techniques.

The overlapping SGP and single scaling SGP methods involve a dot product computation to calculate
the clipped projections for each sample combined with additional signal processing to find the optimal
scaling factor per symbol and per frame respectively. The complexity can be implicitly evaluated by
comparing the number of real multiplications present in the proposed techniques. The number of real
multiplications of the modulating Csrp and demodulating Cyrp filter banks can be calculated using

[56]
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Cspp =Carp =2 X 2N+ N(logr(N) —3) +4+2KN). (4.3)

The proposed SGP techniques require an additional demodulation and modulation phase prior to
transmission, as well as additional signal processing in order to calculate the projections as well as
the scaling factors. The projection calculations of Eq. (3.36) can be seen to contribute 4N real mul-
tiplications, N real integer divisions and N real square root functions per FBMC symbol. Equation
(3.40) can be calculated at a worst case scenario of N real divisions per FBMC symbol. The net
real multiplications required in order to implement the SGP techniques, per SGP iteration, is there-
fore

Csgp =6 % (2N +N(logy(N) —3) +4+2KN) +4N. (4.4)

Considering N = 64, K =4,

Csrp = 1672 real multiplications, 4.5)
Csgp = 5272 real multiplications 4.6)
and
C
Q=3¢ _31s. %))
Csra
Considering N = 128,
C
Q=" _314. (4.8)
Csra

From Eq. (4.7) and Eq. (4.8) we can see that the complexity ratio remains constant when the sub-
carrier count, N, increases. This implies that the complexity increase scales linearly with the N or
equivalently in big O notation, the additional complexity of the proposed FBMC SGP algorithms can
be inferred to be O(N).

4.7 CONCLUSION

This chapter presents the Monte Carlo simulation results as performed on a MATLAB platform. The
simulations are performed with a high number of symbols in order to provide more accurate results.

Oversampling methods are also applied for more accurate real world performance estimates.

The following chapter provides a brief discussion on the simulation results obtained.
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5.1 CHAPTER OVERVIEW

In this section, the results of the proposed algorithms are summarized and a detailed evaluation is
given. The evaluation is split up into three sections focusing on PAPR reducing performance and

BER evaluation, power spectrum and amplifier efficiency and implementation complexity.

5.2 PAPR REDUCING PERFORMANCE AND BER EVALUATION

The four proposed algorithms can provide significant PAPR reducing performance for FBMC sys-
tems. Theoretical performance of over 4dB in PAPR reduction can be achieved as shown in Fig. 4.2
and 4.3. Practical performance, when estimating to analogue, of 3dB can still be achieved by the

proposed algorithms as shown in Fig. 4.6 and 4.7.

PAPR reduction and BER degradation for clipping based techniques are closely linked. As is high-
lighted in Section. 4, there is always a trade-off when improving the PAPR of a system and this often
comes in the form of BER degradation. The PAPR results obtained in Fig. 4.2 to Fig. 4.10 clearly fa-
vour a clipping and filtering technique. However, as is evident from the BER analysis of Fig. 4.18, the
clipping and filtering technique suffers severe BER degradation, introduced by the non-linear in-band
distortion inherent of a clipping system. The effects of the distortion tend to diverge the BER curve
away from the theoretical QPSK curve due to the error floor being reached faster the more aggressive
the clipping. The proposed LP1 technique suffers similar BER degradation after the first iteration and
therefore the PAPR reduction obtained may not be worth the trade-off. However of particular interest
is the achievable BER in the single scaling and LP2 proposals. Even after the first iteration, the BER
is not as significantly degraded as other comparative methods. The overlapping SGP proposal may

also offer significant PAPR reduction on the first iteration with minimal BER degradation. However,
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after the first iteration, any gains associated with PAPR reduction are mitigated by extensive increase
in BER degradation. This may be attributed to the less stringent constraints placed on this method,
when compared to the LP2 proposal, leading to some divergence after the first iteration. This however

can be mitigated by limiting the maximum scaling value, thereby ensuring convergence.

The scalability of the algorithms, to 16 QAM, is important due to the need for higher order modula-
tions, as data usage demands are increasing constantly. The results obtained in Fig. 4.8 and Fig. 4.10
for extensions to 16 QAM are less favourable than their QPSK counterparts. This is however to be
expected from an ACE based method as only the outer constellations can be extended effectively
reducing the degrees of freedom allowed for PAPR reduction. However, because of this, ACE in
16-QAM modulated systems suffers less BER degradation than other techniques. The clipping and
filtering technique, as an example, suffers severe BER degradation on a 16 QAM platform, as is evid-
ent in Fig. 4.8 and Fig. 4.10. PAPR reduction, using the proposed techniques, of over 2dB is still
achievable under 16 QAM scenarios as shown in Fig. 4.8. A downwards trend will be seen in higher
order modulation systems, namely 64 QAM and 256 QAM, whereby the PAPR reducing ability de-
grades as the number of constellation points increase. Therefore ACE based techniques cannot be

recommended for modulations higher than 16 QAM.

As previously mentioned, the trade-off of PAPR reduction comes at the expense of an increase in
BER degradation across any PAPR reduction technique [13, 14]. In an FBMC scenario, constella-
tion distortion results in BER degradation to the same degree as in OFDM. However, increasing the
average transmit power in FBMC also results in an increase in the controlled interference inherent
to FBMC systems. This will also contribute to BER degradation. Techniques exist which limit the
maximum allowable in-band distortion [60], which if extended to the proposed techniques, may result
in significant BER performance gains at negligible PAPR reduction capability loss. In conclusion, an
optimal solution still needs to be found between BER performance degradation and PAPR reduction

capabilities for FBMC systems such as a decision metric presented in [8].

The proposed techniques scale well with increased subcarrier count and the PAPR reducing per-
formance is increased as the subcarrier count increases, as shown in Fig. 4.9 and 4.10. This is due
to the higher number of subcarriers available upon which the ACE algorithm can be applied. This
simple scalability, with no performance, loss is one of the main benefits of using an ACE based

technique.
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The chosen clipping factor, §, of 4dB was found to provide a good trade-off between PAPR reducing
ability and BER performance. The clipping factor however does not prove to have a significant effect
on the PAPR performance as is shown from Section. 4.2.1. This is due to the nature of the SGP
and optimization based algorithms, in which a maximum scaling factor is searched for and the peak
reducing portion is scaled to achieve this maximum. However, the clipping factor should still be
selected within reason and choosing a factor between 3-5dB provides the best results. Choosing a
clipping factor lower than 3dB will result in an unnecessary loss in BER performance with minimal,
if any, PAPR performance increase. Choosing a clipping factor larger than 5dB leads to minimal
clipping prior to transmission and with this, insufficient signal points available to perform the actual

PAPR reduction.

5.3 POWER SPECTRUM AND AMPLIFIER EFFICIENCY

The main benefit of FBMC lies within its tight power spectrum and this should always be a factor for
consideration when employing any distortion technique to FBMC systems. Figure. 4.15, Fig. 4.16
and Fig. 4.17 illustrate the significant advantage of FBMC over OFDM in terms of the power spectral
density of the modulation techniques. It is important to note the severe degradation of this important
aspect of FBMC when clipping occurs. Clipping effectively destroys the tight spectral characteristics
of FBMC and reinforces the need for PAPR reduction techniques prior to transmission. Without PAPR
reduction techniques, the trade-off between the additional complexity of FBMC and its performance
disqualify it as a contender to OFDM. However, as is evident from Fig. 4.15 to Fig. 4.17, the positive
characteristics of FBMC can still be maintained, even after clipping, if a suitable PAPR reducing

technique is applied.

The ACPR achievable by the proposed techniques are all within 12dB of ideal FBMC, as shown in
Table. 4.1, upon the first iteration. By the third iteration, the overlapping SGP proposed technique
improves on clipped FBMC’s ACPR by 26dB. This is a significant reduction in interference of neigh-
bouring frequency bands. This can reduce the requirement of filtering prior to transmission which

normally adds an additional level of complexity to systems.

The amplifier efficiency is closely linked to the PAPR of any modulation technique. Unfortunately,
the high PAPR is a notable characteristic inherent to any multicarrier modulation technique. In order
to combat this, amplifiers are required to operate with high back-off regions which leads to low effi-

ciency systems. However, with the successful reduction in PAPR, the probability of high PAPR sym-
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bols is significantly reduced thereby allowing a smaller back-off and therefore increases the amplifier

efficiency. This leads further emphasis on the need for PAPR reduction prior to transmission.

5.4 IMPLEMENTATION COMPLEXITY

FBMC systems are inherently more complex than their OFDM counterparts. Therefore, increasing
the complexity by adding additional layers to the modulation portion, utilizing search algorithms,

adding additional iterations or solving complex optimization problems, should be avoided.

The optimization techniques presented in this thesis, namely the two linear programming formu-
lations, are used to create a theoretical upper limit benchmark, for PAPR reducing capabilities, to
compare the other techniques to. However, because real and imaginary domain optimization prob-
lems can be infinitely complex, the optimization techniques proposed are based on approximations
to the real domain. This can be seen in Eq. (3.36) where the maximum possible magnitude of the
scaling factors is limited by the projections in the direction of the original signal and is a real scaling

factor as opposed to a complex one.

The SGP type proposals provide feasible solutions that do not sacrifice PAPR reduction capabilities.
They also maintain a lower level of complexity when compared to their optimization counterparts.
With the SGP overlapping technique, PAPR reduction can be performed on a symbol by symbol basis,
with an initial buffer, which provides a feasible solution for PAPR reduction in FBMC systems. The
complexity of the SGP type solutions is summarized in Section. 4.6. This shows an approximate three
times higher level of complexity than standard FBMC at the transmitter. This level of complexity is
believed to be a reasonable trade-off for the PAPR reduction capabilities enabled by the techniques.
The fact that the complexity scales linearly with an increase in subcarrier count, with the SGP based

proposals, is a promising characteristic and therefore a practical implementation is feasible.

5.5 HARDWARE IMPLEMENTATION FOR PRACTICAL INDUSTRIALIZED SOLU-
TIONS

Due to the overlapping nature of FBMC, frame based processing cannot be achieved in a trivial
manner. The overlap must always be accounted for and therefore, the best approach is to make
provision for a buffer with feedback. This can allow for the last portion of the modified transmit

signal to be passed back for processing. Transmission will then be possible with a small delay created
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by the buffer. For transmission of packets, an entire frame can be processed and then transmitted
in the form of a packet without much added delay (if processing can be performed at a sufficiently
high speed). The FBMC frame size can also be modified in order to fit the requirements of each

packet.

5.6 CONCLUSION

This chapter provides an in depth discussion of the simulation results of the proposed techniques. The

discussion highlights the pros of the techniques and justifies the cons.

The following chapter concludes this thesis and provides recommendations for future work in this

research field.
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The proposed peak-to-average power ratio (PAPR) reduction techniques presented in this paper
provide a fast converging active constellation extension (ACE) alternative to PAPR reduction for
filter bank multicarrier (FBMC) systems. Much like the smart gradient-project (SGP) ACE method
for orthogonal frequency division multiplexing (OFDM), an SGP type implementation can be exten-
ded to FBMC systems, if the overlapping nature of FBMC is exploited. In this thesis two SGP type
ACE methods were proposed and successfully extended to FBMC modulated systems. Two linear
programming based optimization methods were also proposed. Significant gains in PAPR reduction
capabilities are attained by the proposed methods and compare very favourably with current FBMC
PAPR reduction techniques in literature. The adjacent channel power ratio (ACPR) of unclipped
FBMC is maintained after being passed through a high power amplifier even with input back-off
levels as low as 5dB. Bit error rate (BER) degradation varies across the proposed methods and a vi-
able trade-off can be found between PAPR reduction capabilities and BER degradation by limiting
the number of iterations. The SGP overlap technique proposed, from inspection, provides the most

suitable trade-off between PAPR reduction and BER degradation.

The proposed optimization techniques require frame based processing in order to fully exploit the
overlapping nature of FBMC symbols. This would ultimately lead to an increase in system latency
in order to account for future symbols and maintain a causal system. This can be partially mitig-
ated by decreasing the frame size over which the optimization occurs. These proposed techniques
are therefore ideal candidates for burst transmission. The proposed SGP methods can however still
retain causality by performing PAPR reduction on a symbol by symbol basis without much additional

delay.

Due to the high level of complexity of FBMC modulated systems, significant increases in complexity
should be avoided. The SGP proposed techniques increase linearly in complexity with increases in

subcarrier count. These techniques provide good PAPR reducing performance, retain the tight spec-
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tral characteristics of FBMC, maintain good BER performance and do not significantly add to the
complexity of FBMC systems. The techniques are therefore a good candidate for practical imple-
mentation on FBMC systems and provide further justification to the implementation of FBMC, as a

viable successor to OFDM, for future generation networks.

6.1 FUTURE RECOMMENDATIONS

The work presented in this thesis can easily be expanded on. The author has made every attempt to
describe the model in the most rudimentary manner possible in the hope that students, following a
similar line of research, are not plagued by fundamental challenges in the understanding of FBMC

systems.

The following topics are recommended for future research:

1. An FBMC symbol scrambling based technique in order to reduce the PAPR of the FBMC sys-
tem. This would involve re-ordering the initial FBMC symbols in a frame so that an optimally
low PAPR is found across the frame. This could follow an optimization approach or a trial
an error based method. Side-information would most likely be required unless a maximum

likelihood decoding method is applied at the receiver when re-ordering the symbols.

2. Concatenating the research presented in this thesis with additional PAPR reduction such as TR

or coding on top of the PAPR reduction technique.

3. Applying an OM-OFDM type adaptation such as in [8] on top of the proposed techniques.

4. A hardware based implementation on a digital signal processing or a field-programmable gate
array development board. This will provide practical results to reinforce the simulation results

presented in this thesis.

5. Maximum likelihood coding using the ICI inherent of FBMC systems. This will combat the
BER degradation due to the deliberate distortion imposed by FBMC modulation on neighbour-

ing carriers.
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