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ABSTRACT

OUT-OF-BAND RADIATION AND CFO IMMUNITY OF POTENTIAL 5G
MULTICARRIER MODULATION SCHEMES

Uciincii, Ali Bulut
M.S., Department of Electrical and Electronics Engineering

Supervisor : Prof. Dr. Ali Ozgiir Yilmaz

August 2015, 08| pages

In this study, generalized frequency division multiplexing (GFDM) and windowed
cyclic prefix circular offset quadrature amplitude modulation (WCP-COQAM), which
are candidate physical layer modulation schemes for the 5G systems, are compared to
orthogonal frequency division multiplexing (OFDM) in terms of out-of-band (OOB)
radiation levels and carrier frequency offset (CFO) immunity. GFDM and WCP-
COQAM are shown to be superior to OFDM with respect to OOB emissions in some
studies in literature. However, we consider that these comparisons are made under
unfair conditions since OOB reduction techniques are not also applied to OFDM and
the spectral efficiencies of the three modulations are not equal. Establishing fair com-
parison grounds accordingly, the simulation results yielded no significant OOB emis-
sion performance difference between the three modulation types. Further simulations
considering some parameters related to the transmitted signals such as error-vector
magnitude or average power under the effects of amplifier nonlinearity or digital-to-
analog converter also revealed no significant difference between the three modulation

types under LTE spectral mask requirements.



The three modulation types are also compared in terms of their carrier frequency
offset (CFO) immunities. To achieve better CFO immunity, advanced pulse shap-
ing methods defined for offset quadrature amplitude modulation OFDM (OQAM-
OFDM) are also applied to WCP-COQAM. This is possible since the two modula-
tions are also proved to be equivalent in terms of orthogonality, which is one of the
main analytic contributions of this thesis. However, the error rate performance simu-
lations under CFO for various channel conditions did not improve CFO immunity for

WCP-COQAM or GFDM compared to OFDM.

Keywords: GFDM, WCP-COQAM, OOB emissions, CFO robustness, FBMC, Spec-

tral mask
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0z

OLASI 5G COKLU-TASIYICI KIPLEMELERININ BANT DISI EMISYONLARI
VE CFO DAYANIKLILIKLARI

Uciincii, Ali Bulut
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Boliimii

Tez Yoneticisi : Prof. Dr. Ali Ozgiir Yilmaz

Agustos 2015, 08 sayfa

Bu calismada genellestirilmis frekans boliimlemeli ¢cogullama (GFDM) ve pencere-
lemeli dongiisel 6n ekli dairesel offset dordiil genlik modiilasyonu (WCP-COQAM)
olarak adlandirilan 5G haberlesme sistemleri i¢in aday fiziksel katman modiilasyon
teknikleri, dik frekans boliimlemeli cogullama (OFDM) teknigi ile bant dis1 (OOB)
emisyonlari ve tasiyici frekans hatas1 (CFO) dayanikliligi agilarindan karsilagtiriimig-
tir. GFDM ve WCP-COQAM nin literatiirdeki bazi calismalarda OFDM’e gore OOB
emisyonlar1 agisindan daha iyi bagsarim gosterdigi iddia edilmektedir. Buna kargin,
literatiirdeki OOB emisyon karsilagtirmalarinin esit spektral verimlilik altinda yapil-
mamast ve OOB emisyon azaltici tekniklerin OFDM i¢in de uygulanmamasi sebep-
lerinden otiirti bu karsilagtirmalarin adil yapilmadi81 degerlendirilmektedir. Calisma-
mizda bu agilardan daha adil kosullar altinda yapilan benzetimlerde 3 modiilasyon
tipi i¢in OOB emisyonlar1 acisindan 6énemli farklilik gézlenmemistir. Daha ileri se-
viyedeki benzetimlerde LTE standartlarinda belirtilen spektral maske gerekliliklerine

uygun kosullarda anfi dogrusalsizlig1 ve dijitalden analoga doniistiiriicii etkileri al-
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tinda 3 ayr1 modiilasyon tipi icin iletilen sinyalin hata vektor genligi (error vector
magnitude) ve ortalama iletim giicii parametreleri acisindan da benzer sonuglar go-

rilmiistiir.

S6z konusu modiilasyon tipleri tastyict frekans hatasina kars1 giirbiizliikleri agisindan
da karsilagtirilmigtir. Daha 1yi CFO giirbiizliigii saglayabilmek amaciyla literatiirde
offset dordiil genlik modiilasyonu OFDM (OQAM-OFDM) i¢in uygulanan gelismis
darbe bicimi tasarim yontemleri WCP-COQAM i¢in de uygulanmistir. Bu durum ca-
lismamizin analitik anlamda 6nemli katkilarindan olan OQAM-OFDM i¢in diklik
(orthogonality) sartlarin1 saglayan darbe sekillerinin WCP-COQAM icin de sagladi-
ginin matematiksel olarak kanitlanmasi sayesinde miimkiin olmugtur. Buna kargin,
cesitli kanal kosullarinda hata oran1 bagsariminin gozlendigi kapsamli benzetimlerde
CFO giirbiizliigii agisindan da GFDM veya WCP-COQAM, OFDM’e gore daha yiik-

sek basarim gdstermemistir.

Anahtar Kelimeler: GFDM, WCP-COQAM, OOB emisyonlari, CFO giirbiizliigii,
FBMC, Spektral maske
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CHAPTER 1

INTRODUCTION

Inter-symbol interference (ISI) caused by the transmission channel is a typical prob-
lem that has been widely studied in the communications literature. It is mainly caused
by the multipath nature of the transmission channel, that is, the transmitted signal
reaches the receiver through multiple paths. If the time delay between the multiple
paths is not significantly smaller than the symbol duration, cancelling the effects of
ISI becomes necessary. To combat ISI, there are mainly two approaches. One of them
is to use equalizers that mitigate the effects of the ISI channel. However, if the amount
of multipath distortion is significant, equalization can be very complex. In that case,
multicarrier modulation techniques appear as an alternative solution to deal with ISI.
In a multicarrier communication scenario, the binary data bits to be transmitted are
divided into substreams and each substream is sent over subchannels, each of which
constitutes some portion of the total transmission bandwidth. An illustration of the

division of the transmission channel into subchannels is in Figure [L.1] [1]].

Figure 1.1: A typical multicarrier transmission from the frequency domain point of
view



As can be observed from Figure[I.1] over the band of each subchannel represented as
By, the frequency response of the channel H (f) is approximately flat. This means
that there will be no significant ISI over the subchannels, that is, the subchannels ex-
perience flat fading. For this to hold, the bandwidth of the subbands By should be
significantly smaller than the coherence bandwidth of the transmission channel [1].
Without dividing the main binary stream into substreams, and transmitting them over
separate subbands, if the transmission was carried out by a single carrier with a band-
width larger than the coherence bandwidth of the channel, the transmission channel
would be observed as a frequency selective channel causing significant levels of ISI.
This would require complex equalization. Instead, the ISI effects can be avoided
substantially by dividing the available bandwidth into subchannels and transmitting
the data symbols using these separate subbands over an effectively flat transmission

channel.

Among the multicarrier communication schemes, orthogonal frequency division mul-
tiplexing (OFDM) is one of the most popular. Unlike the scheme shown in Figure[L.1]
in which the subchannels are nonoverlapping, the subchannels in OFDM are overlap-
ping. Two multicarrier modulation schemes with overlapping and nonoverlapping

subbands are depicted in Figure[I.2]

/'_\ m. . m
: : : | ; >
fO fl f2 fN -2 fN -1

(@)

{ ‘ ; ‘ ‘ >
fO fl f2 fN-Z fN-l

(b)

Figure 1.2: Multicarrier schemes with nonoverlapping (a) or overlapping (b) sub-
channels




For the schemes with nonoverlapping subchannels, it is straightforward to state that
the subbands create no interference to each other if they are separated with conven-
tional filtering at the receiver side. The downside of using non-overlapping subchan-
nels is the reduced spectral efficiency. On the other hand, when the subchannels are
overlapping, it appears that different subchannels can interfere with each other. How-
ever, it can easily be proved that if the subchannels are separated with a distance of
multiples of 1/7%, where Ty is the symbol interval, there will be no interference be-
tween the subchannels in OFDM. Therefore, an increase in the spectral efficiency can

be attained while avoiding interference.

In addition to its advantages against multipath distortion, there are also other factors
that promote the use of OFDM in many communication systems. These are summa-
rized below [2]].

The transmitter and receiver filters can be implemented easily by using basic

fast Fourier transform (FFT) and inverse FFT blocks.

e Multiantenna structures can be implemented easily by using OFDM both at the

transmitter and receiver side.

e [t is possible to achieve capacity gains over each subcarrier by observing the
signal-to-noise ratio levels at a particular subcarrier and applying rate adapta-

tion accordingly.

e OFDM is robust to narrowband interference due to the fact that only a fraction

of the total subcarriers are affected from such interference.

¢ Single frequency networks, which are suitable for broadcasting applications,

can be used with OFDM.

On the other hand, OFDM has also some disadvantages, which are

e High sensitivity to frequency offset and phase noise [3]], [4], [S].

o Large peak-to-average-power ratio (PAPR), which causes the average transmit-
ted power to reduce. This decreases the information capacity of the transmis-

sion channel [6].



e Large out-of-band radiation due to the poor decaying property of the rectangu-

lar pulse shape used in OFDM [3]], [7].

In spite of its aforementioned fallbacks, the advantages of OFDM have enabled its
use in a wide range of applications even in the early stages of digital communica-
tion. For instance, KINEPLEX [8], ANDEFT [9], and KATHRYN [10] are examples
of high-frequency military systems that used OFDM technique in 1960s. In 1980s,
OFDM technique was used for high-speed modems, high-density recording and digi-
tal mobile communications. Moreover, mobile radio FM channels, high-bit-rate digi-
tal subscriber lines (HDSL), asymmetric digital subscriber lines (ADSL), very-high-
speed digital subscriber lines (VDSL), digital audio broadcasting (DAB) and high-
definition television (HDTV) terrestrial broadcasting were some of the application

areas of OFDM in 1990s [2].

The most recent examples of applications of OFDM are the wireless local area net-
work standards including IEEE 802.11a, 802.11g, and 802.11j [[11]. OFDM has also
been included in the 4G standards such as Mobile WIMAX [[12] and LTE [[13]]. These
4G standards have data rates reaching up to several hundreds of Mbits/s in order to
cope with the high data rate demand created mainly with the advent of the smart-
phones equipped with large storage and processing power and high definition screen

and cameras.

The scenarios that are considered for the future 5G systems have already exceeded
the capabilities of the current 4G systems [14]. These scenarios are related to Tactile
internet [15]], which is defined by ITU in August 2014 as an internet network that
is able to serve applications that have virtual, visual and auditory human-to-machine
interaction with low latency requirements down to 1 millisecond. Such an interaction
can be over numerous sensors and all of the information from these sensors should
be received, processed and a response should be given without too much time-lag
to satisfy a high quality interaction between human and technical systems. Moving
our heads while wearing Virtual Reality (VR) goggles to receive immediate visual

response can be an example for such applications.

Furthermore, machine-to-machine communications is also a recent discussion that

draws attention. Industrial robots and electronic stability control systems used in
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the vehicles can be given as examples. Furthermore, such systems can also interact
with a centralized server in the communication system. This creates giant sized and
heterogeneous networks that have elements ranging from sensors to server centers
with high processing or storage capacity. Such an infrastructure is also referred under

the name of Internet of Things (IoT) [[L6].

Furthermore, in order to increase data rates in 5G systems through an increase in
spectral efficiency, cognitive radio (CR) based approaches can also be used. Cogni-
tive radio is the general name given to the techniques that utilize the unused portions
of the frequency spectrum opportunistically. In order for the CR based techniques to
be more effective, the users should not radiate much power out of the transmission
band allocated to them. Only in such a case, the neighboring bands of a specific user
are not polluted much and other users can use these neighboring bands opportunisti-
cally. Therefore, low out-of-band (OOB) radiation levels is also a requirement in 5G

systems.

Being the main physical layer modulation format in the latest 4G communication
standard, OFDM is an important candidate for the physical layer solution in the 5G
systems. However, since the rectangular pulse that is used in OFDM has large side
lobes, which in turn increases its OOB radiation, strict frequency synchronization re-
quirements, alternative modulation formats such as filter-bank multicarrier (FBMC),
time-frequency packed signalling, and single-carrier modulations are being consid-
ered as candidates for the modulation formats that will be used in 5G. Among these
modulation schemes, one of the most popular is the Generalized Frequency Division

Multiplexing (GFDM) offered by Fettweis et al. [7]]

One main advantage of GFDM compared to OFDM is claimed to be its reduced OOB
radiation [7]]. The reason for such an advantage to appear is having a pulse shape that
has better decaying property in frequency domain compared to that of the rectangular
pulse of OFDM. In GFDM, the pulse shaping filter that will be used at the transmitter
side can flexibly be chosen. Furthermore, in [7]], another superiority of GFDM over
OFDM is stated to be about the lower spectral efficiency loss caused by the cyclic
prefix (CP). In GFDM, there is still a CP as in OFDM. However, a single CP in a
GFDM frame is enough to be appended to a number of GFDM symbols, whereas a



CP should be used for each OFDM symbol. In that respect, GFDM seems to have
spectral efficiency advantage in terms of the overhead caused by the CP compared to
OFDM. The reason for that advantage of GFDM will be more clear when the frame
and symbol structures of OFDM and GFDM are examined in detail in Chapter 3l

In this thesis, the claimed advantages of GFDM over OFDM are investigated. Firstly,
GFDM and OFDM are compared in terms of OOB radiations under fair conditions.
Unlike [7], in which OOB reduction techniques such as guard symbol insertion and
windowing are applied only to GFDM, they will be applied both to OFDM and
GFDM. Furthermore, OOB emissions are also compared when OFDM and GFDM
have equal spectral efficiency. Equal spectral efficiency conditions are established
by increasing the number of subcarriers in OFDM, keeping the same transmission
bandwidth. In such a case, the spectral efficiency loss caused by the CP will be
equal for OFDM and GFDM. The reason for this fact can be understood more clearly,
when the frame structures of OFDM and GFDM detailed in Chapter 3| are examined.
However, OFDM has increased vulnerability to carrier frequency offset (CFO) when
more subcarriers are packed into the same transmission bandwidth. Hence, error rate
performances of OFDM and GFDM will also be compared under CFO, when their

spectral efficiencies are the same.

A variant of GFDM called windowed cyclic prefix circular offset QAM
(WCP-COQAM) is proposed by Lin and Siohan [[17]. The main difference between
GFDM and WCP-COQAM is that OQAM type of modulation is utilized in WCP-
COQAM, compared to the QAM type modulation in GFDM. The details about WCP-
COQAM are covered in Chapter Bl WCP-COQAM is also included in the above-
mentioned comparisons between OFDM and GFDM. Moreover, in Chapter 4, the
equivalence of the orthogonality conditions of OQAM-OFDM and WCP-COQAM is
proved and optimal pulse shaping methods defined for OQAM-OFDM in literature is
also applied to WCP-COQAM. The proof of the equivalence of OQAM-OFDM and
WCP-COQAM is the main analytic contribution of this thesis.

The organization of this thesis is made as follows. In Chapter 2] the details about
OFDM and FBMC modulation types will be presented. In Chapter 3 GFDM and
WCP-COQAM modulations will be discussed in detail, and their CFO vulnerabilities



will be compared when OFDM, GFDM and WCP-COQAM have equal or unequal
spectral efficiencies. Chapter[d|describes advanced pulse shaping methods for FBMC.
These pulse shaping methods will be applied to WCP-COQAM and the performances
of the designed pulses are investigated under CFO in comparison to OFDM. Finally,
the OOB emissions of OFDM, GFDM and WCP-COQAM are compared in Chap-
ter 4. Some of the OOB emission comparisons in Chapter 4] also take the spectral
mask requirements in LTE, amplifier non-linearity and digital to analog converter

(DAC) effects into account.






CHAPTER 2

OFDM AND FBMC

2.1 Orthogonal Frequency Division Multiplexing (OFDM)

OFDM is a multicarrier modulation technique that consists of orthogonal subcarriers.

The frame structure of OFDM with subsequent OFDM symbols is given in Figure 2.1l

OFDM Symbol OFDM Symbol OFDM Symbol

A
Y
A
y

\ Cycli fi \ Cyclic prefix \
FFT Block Y <'€ Pr™ per glock —Y<'C P FFT Block

Figure 2.1: OFDM frame consisting of 3 OFDM symbols

Cyclic prefix

As can be observed in Figure 2.1l OFDM symbols are separated through an interval
called "cyclic prefix". Addition of cyclic prefix is necessary to ensure that there is no
interference between the subsequent OFDM symbols. The reason for such an inter-
ference between the OFDM symbols originates from the time dispersion of the trans-
mission channel, or any timing error at the receiver. The timing dispersion caused by

the transmission channel is presented in Figure 2.2

Assuming that there is no timing error at the receiver, the cyclic-prefix should be

larger than the delay spread of the transmission channel [1]. In that case, the leakage
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OFDM Symbol OFDM Symbol OFDM Symbol

\ Cyclic prefix \ Cyclic prefix \

Cyclic prefix FET Block FFT Block FFT Block

Figure 2.2: Dispersion caused by the transmission channel on the OFDM symbols

of the OFDM symbols to the next OFDM symbol will fall into the cyclic prefix in-
terval between the two symbols. Since the cyclic prefixes are discarded at the OFDM

receiver, there will be no interference between the OFDM symbols.

The OFDM transmitter and receiver structure are demonstrated in Figure [].

X]10] z[0]
X[ z[1]
Add Cyclic
R bps X. Serial-to R R Prefix, and z(t) s(t)
e e K i
. . Converter COS(ZTrfCt)
X[K 1] 2K 1]
Transmitter
y[0] v[o]
y[1] Y]
Remove Parallel-to
) %Eﬁ AD [E e | e o RDPS
Parallel . .
, Z ff Convertor . o
cos(2m
ylK — 1] YIK-1]

Receiver

Figure 2.3: OFDM transmitter and receiver

As can be seen from Figure the binary sequence to be transmitted is first fed
into a modulator, which is of quadrature-amplitude modulation (QAM) type without
loss of generality, that yields the symbol vector X of length K. The serial-to-parallel
converter outputs the elements of the vector X whose inverse fast-Fourier transform

(IFFT) is taken by the IFFT block to yield the following discrete signal x[n]:

10



K-1
z[n] = Y X[k K 0 <n < K —1. 2.1)
k=0

After the addition of cyclic prefix, interpolation by D/A converter and upconversion
to carrier frequency fo, s(t) is transmitted to the channel. After s(t) passes through
the channel, the received signal r(t) is downconverted and low-pass filtered. The A/D
converter yields the discrete samples y[n|. Cyclic prefix part is removed from y[n]
and series to parallel converter outputs the samples whose FFT is taken by the FFT
block. Finally, the FFT outputs are serialized and demodulated to obtain the estimates

of the transmitted binary data bits.

An important point is that the cyclic prefix length should be at least equal to the delay
spread of the transmission channel [1]], and should have a special structure in order

that the equalization of the channel can be made very easily.

Consider a discrete sequence, x[n| = x[0], z[1], - - , [ K — 1]. Furthermore, assume
that the transmission channel impulse response is characterized by,
hin] = h[0],h[1],--- ,h[L — 1]. Here L = T,/T}, where Ty is the sampling rate and
Ty 1s the channel delay spread.

Define the cyclic prefix for x[n] as z[K — L], - -+ , z[ K — 1], that is, it consists of the
last L samples of the sequence x[n]. Since cyclic-prefix is appended at the beginning
of x[n], the transmitted signal Z[n] will be obtained as
Z[n] = 2|K — L),z[K — L —1],--- ,z[K — 1], 2[0], z[1],- - - , z[ K — 1]. Assume
also that z[n] is fed into the channel, h[n]. In this case, the discrete output signal

y[n] will be obtained as

I
]
=
=
E)
|

— h[n] @ z[n] 2.2)

where the last equality follows due to the fact that Z[n — ] = z[n — ]k,
for 0 < n < K — 1. Therefore, appending z[n]| with the specified cyclic prefix

11



structure, the linear convolution of z[n| with h[n] becomes equivalent to the circular

convolution between x[n] and h[n]. Hence, if the DFT of y[n] is taken,
DFT{y[n]} = Y[k] = X[k]H[k], 0< k< K -1 (2.3)

where X[k] and H[k] are the K-point DFTs of x[n] and h[n], respectively. Therefore,
according to ([2.3), the equalization of the channel can be carried out with a very
simple operation as DFT. Since FFT operation is already performed at the receiver of
OFDM, the equalization can simply be accomplished through dividing Y'[k], which
is obtained after the FFT block in Figure 2.3 by H|[k].

2.2 Filter Bank Multicarrier (FBMC)

FBMC is the general name for the multicarrier modulation methods that uses arbitrary
pulse shaping filters to form the subcarriers over which the frequency selectivity of
the channel is small enough to require a complex equalization block at the receiver.

The transmitter and the receiver structure for FBMC is presented in Figure 2.41 [5]].

N

ETCESES

dy(t)
L e e

ei2mfat —j2mfat

>

O o)

ed2mfct e—i2m it

Figure 2.4: FBMC transmitter and receiver

As can be observed in Figure 2.4] the symbols to be transmitted dj(¢), which are
impulse functions that are weighted with the data symbols to be transmitted, are fed
to the filter bank in the transmitter. These filter banks generate the pulse shape over
which the data will be transmitted. Furthermore, multiplication by the complex ex-
ponentials carries the baseband data to the subcarrier locations in the frequency spec-

trum. Then, the transmitted signal is passed through the transmitted channel to reach
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the receiver block. The receiver consists of filters that are matched to the pulse shape
and the subcarrier of the data symbol to be estimated. At the filter outputs, the sam-
ples are taken at every symbol duration to yield the estimates of the transmitted data

symbols.

Figure gives a general picture of the transmitter and receiver structure of FBMC
type modulation schemes. More specifically, FBMC techniques can be divided into
two distinct types. In the first FBMC type, QAM symbols having complex values are
transmitted. These complex valued symbols will be denoted as d,, . The subscripts
m and k£ mean that the symbol is to be transmitted at the k™ subcarrier and m®
symbol time interval. The relation between d,,, ,, and dj(¢) in Figure[2.4lcan be written

as follows.

di(t) = Y dimd(t — mT). (2.4)

In fact, the block diagram given in Figure[2.4|can also represent an OFDM transmitter
and receiver. In that case, the impulse responses of the receive and the transmit filters
pe(t) and p,(t) are rectangular pulses. Moreover, considering Figure [2.4] the signal

model for OFDM or FBMC can be written as,

2(t) = Y1) dimp(t — mT)e > (2.5)
k m

where p(t) is the pulse shaping filter, 7" is the symbol timing, dy,,,, is the data to be
transmitted at the k" subcarrier and the m*™ symbol in time. Moreover, f;, is the
location of the subcarrier in frequency domain. Furthermore, p(t) can be any pulse
shape. For example if it is a root raised cosine spectrum filter (RRC) with roll of
factor «, in order that the subcarrier bands do not overlap, the frequency spacing
between the subcarriers should be at least F' = (1 + «)/T, which is demonstrated in

Figure [5]).

With a frequency spacing of F' = (1+ «)/T, where T is the symbol spacing, the time-
frequency phase-space lattice representation of an FBMC system can be depicted as
in Figure [5]].

From the lattice representation it is possible to see the spacing between the subcarriers

and the symbol time interval from the lattice points. An important parameter related
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Figure 2.5: The locations of the non-overlapping subcarriers filtered with an RRC
filter with roll-off factor « in the frequency axis
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Figure 2.6: Time-frequency phase-space lattice representation of an FBMC system
with an RRC filter with roll-off factor «
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to the lattice representations is the symbol density in the lattice, which is defined as
the number of symbol per unit area T'F'. For the lattice in Figure 2.6] the symbol

density 7 can be calculated as
11
CTF 1+a

n (2.6)

The higher the symbol density in the lattice representation of the multicarrier com-
munication method, the better the spectral efficiency of the communication system
will be. As can be noted in ([2.6), as the roll-off factor of the pulse-shaping filter in

the transmitter increases, the symbol lattice density reduces.

That type of modulation where the subcarrier bands do not overlap as in Figure
corresponds to the classical frequency division multiplexing (FDM) communications
scheme. However, there exist FBMC schemes for which the subcarrier bands overlap,
which in turn increases the lattice density and the spectral efficiency. OFDM can be

an example for such schemes in which the subcarrier bands overlap.

Other type of FBMC schemes are the ones for which the transmitted symbols d,,,
have real values. In this case, OQAM type modulation is applied instead of QAM,
which yields the following transmitted signal z(t).

2(t) = Y3 dimp(t — mT/2)e e onm 2.7)

k m

where p(t) is the impulse response of the pulse shaping filter, f is the location of
the subcarriers in the frequency domain and dy,,, is the data transmitted at the k'
subcarrier and the m'™ symbol interval. Note that the symbol spacing along the time
axis has become T/2 in whereas the symbol spacing in time for the FBMC
expression (2.3) is T'. Furthermore, an important point in is related to the e/#mn
term. It can be selected arbitrarily without causing any ISI or ICI [4]]. For example,
it was chosen as e/(*+™)7/2 in [§]]. For that specific value of e/*m», when k 4+ m has
even values, this term can be considered as having no effect in that the real-valued
nature of dj, ,,, do not change. However, when k + m has an odd value, it introduces
a phase shift of +7/2. This concept is presented in Figure 2.7 with a time-frequency
phase-space lattice [3]].

As can be observed in Figure the points with orange color represent the sym-

bols with a phase shift of +7/2 and the blue points correspond to no effective phase
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Figure 2.7: Time-frequency phase-space lattice representation for FBMC with real
valued symbols

shift, that is, the real valued nature of the symbols does not change for blue points.
Furthermore, the receiver structure has also differences from the FBMC modulation
with complex QAM type symbols. The receiver for FBMC with real valued symbols
is composed of matched filters as in FBMC with complex valued symbols. On the
other hand, the real or imaginary values of the matched filter outputs are taken for
the FBMC schemes with real valued symbols. A possible transmitter and receiver
structure, whose transmitted signal can be characterized by (2.7), is demonstrated in

Figure 2.8 [5].

This type of FBMC whose system structure is given in Figure 2.§] is referred to as
offset-QAM-OFDM (OQAM-OFDM) or staggered multitone (SMT). The structure
is mainly proposed by Saltzberg [[18]. In fact, the reason why OQAM term is used
is obvious. As can be observed in Figure 2.8 the real and the imaginary parts of the

QAM signals are transmitted with a timing offset of 7'/2.
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Figure 2.8: The transmitter and receiver structure of OQAM-OFDM or SMT
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There is also another variation of SMT named as cosine modulated multitone (CMT).
This is first proposed by Chang [[19]. Then, the more recent name CMT is suggested in
[20]. There is a little difference between CMT and SMT. In SMT, the subcarriers are
modulated with DSB modulated filter banks. However, in CMT the filter-banks are
composed of vestigial-sideband (VSB) type filters. Accordingly, the time-frequency
phase-space lattice representation of CMT has some differences compared to SMT.

For a more detailed examination of CMT, the reader is suggested to refer to [3]].

However, the most important modulation types in this thesis that are discussed in
this chapter are OFDM and OQAM-OFDM. OFDM will be a reference modulation
type and other modulation types that are candidates to be used in 5G systems such
as generalized frequency division multiplexing (GFDM) and windowed cyclic prefix
circular offset QAM (WCP-COQAM) will be compared to OFDM. Furthermore, the
reason why OQAM-OFDM is important is covered in the subsequent chapters in
terms of the relation between OQAM-OFDM and WCP-COQAM. The details about
the modulation type WCP-COQAM will also be examined in Chapter 3
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CHAPTER 3

GENERALIZED FREQUENCY DIVISION MULTIPLEXING

3.1 GFDM: A New Modulation Technique for the Next Generation Communi-

cations

Generalized frequency division multiplexing (GFDM) is a multicarrier modulation
technique proposed by Fettweis et al. [7]]. It is a special case of filter bank multi-
carrier (FBMC) modulation scheme in that there is a pulse shaping filter for each
subcarrier in the transmitter. On the other hand, it has similarity to OFDM in that
OFDM’s block structure with cyclic prefix is also present in GFDM. This makes the
linear and circular convolution between the transmitted sequence and the channel to
be equivalent, which makes single tap equalization of the multipath ISI channel. The

frame structure for OFDM and GFDM are presented in Figure 3.1l

As can be observed from Figure 3.1, while an OFDM frame has a cyclic prefix for the
transmission of every symbol of K subcarriers, a GFDM frame has a single cyclic pre-
fix (CP) for M GFDM symbols, each of which contains K subcarriers. This becomes
possible since a single cyclic prefix is sufficient to ensure that the linear convolution
with the channel is equivalent to circular convolution, which enables single tap equal-
ization to be performed over the whole GFDM frame consisting of M - K samples.
Therefore, the transmission of M - K constellation symbols using only a single cyclic
prefix is possible for GFDM, whereas in OFDM, M cyclic prefix intervals are needed
for the transmission of M - K constellation symbols. In that case, the efficiency losses
resulting from cyclic prefix overhead for OFDM and GFDM, which can be denoted

as norpay and Narpar , respectively, can be written as
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Figure 3.1: (a) A GFDM frame composed of 3 consecutive GFDM symbols. (b) An
OFDM frame consisting of 3 consecutive OFDM symbols
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where Typ0 1s equal to OFDM symbol duration and it is equal to 1/M of the to-
tal duration of the GFDM frame excluding the cyclic-prefix interval duration, if the
transmission bandwidth is equal for OFDM and GFDM, which makes 7,0 to be
the same for OFDM and GFDM. In that case, according to (3.1) and (3.2), the spectral
efficiency of GFDM will be higher than that of OFDM for M > 1. As M gets higher
and higher, ngrpa goes to 1, which corresponds to the case that there is no efficiency
loss due to CP overhead. However, the trade-off for high M is the latency caused by
the requirement that whole GFDM frame (consisting of A/ GFDM symbols) should
be received to demodulate the data content. Furthermore, the assumption that channel

should not change very much within the GFDM frame in order to be able to perform
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block equalization at the receiver may not apply if the number of GFDM symbols
within a GFDM frame is increased. However, a similar situation may also be a con-
cern even for M = 1 for GFDM or OFDM |[21]]. Therefore, the time-variation of a
channel which is characterized by its coherence time [1] should be considered along
with the latency requirements of the application while the number of GFDM symbols
in a GFDM frame is designed.

Although GFDM seems to be superior to OFDM considering the above mentioned
efficiency losses due to CP overhead, most of the simulations that is included in this
thesis will be done under equal spectral efficiency conditions, that is, instead of trans-
mitting K subcarriers in OFDM, M - K subcarriers will be transmitted using the same
bandwidth as GFDM. This corresponds to the case that M - K subcarriers are trans-
mitted in an OFDM symbol duration of M - T, which ensures the same spectral

efficiency loss for OFDM and GFDM.

Although a GFDM frame consisting of 3 GFDM symbols, which is depicted in Fig-
ure [3.14] is referred to as a "GFDM frame", in the literature, most of the references
refer to this block as a "GFDM symbol", which is composed of sub-symbols. How-
ever, for convenience, unlike the literature, we refer to a "GFDM symbol" as "GFDM

frame", and "GFDM sub-symbols" as "GFDM symbols".

3.2 GFDM Transreceiver

GFDM Transreceiver block diagram can be found in Figure 3.2/ [7]].

A

b b d x
i GFDM
Binary Source = Encoder = Mapper ~ Modulator = Add CP
Channel
A - GFDM - i <« Di IS—
b <—— Decoder /B Demapper <—a Demodulator v Equalizer y Discard CP m

e

Figure 3.2: GFDM transreceiver block diagram
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In Figure 3.2} the binary data, b, is encoded (with any possible error control coding
scheme) to get be. Then the mapper maps its binary inputs to the constellation points
to yield d. After that, GFDM modulator, which can be represented as a multiplication
by a matrix A, modulates the constellation symbols according to the rules of GFDM
modulation. Before transmission to channel, cyclic prefix is added, as in OFDM. At
the receiver side, after CP removal and equalization, the received discrete signal is de-
modulated with a GFDM demodulator, which outputs the soft constellation symbols.

After de-mapping and decoding, estimates of the transmitted bits are obtained.

3.3 GFDM Signal Model

The transmitted signal with GFDM is given as follows.

M-1K-1

z[n] = > . dimpl(n — mK)x]gx[n] (3.3)

m=0 k=0

where M is equal to the number of GFDM symbols in a GFDM frame and K refers to
the number of subcarriers. dj,,, € Ax, where Ax is the input alphabet of the source
to be transmitted, is the data symbol transmitted at the k" subcarrier and m'* GFDM
symbol in GFDM frame. p[n] refers to the pulse shaping filter impulse response of
length N. In[3.3] p[(n—mK) y] represents the circular shift p[n] by m K with modulo
N, where N equals to N = M - K. gi[n] is the complex exponential multiplier term

that shifts the base-band spectrum to k** subcarrier location, which is given in 3.4l

gk[n] = eIk (3.4)

3.4 GFDM Transmitter

GFDM transmitter [22], which corresponds to GFDM modulator block in Figure[3.2]
can be seen in Figure

In Figure dpm.1, Tefers to the data symbol transmitted at the k" subcarrier and
m'™ GFDM symbol. There are a total of M - K data symbols on the left side of the
transmitter. In addition, as stated before, p[(n — K) y] refers to the circular shift of

the pulse shape with modulo N. Here, N = M - K. This circular shifting structure
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Figure 3.4: Linear (a) and circular (b) convolution based signalling

is important in that if it were a delay rather than a circular shift, which corresponds
to conventional linear filtering, the cyclic prefix length should also account for the
delay caused by transmit filtering. To better illustrate this, Figures and
show the difference between conventional linear filtering and filtering using circular

convolution for M = 3 [23]].

In Figure [3.4bl the addition of the last & samples to the beginning of the delayed ver-
sions of transmit filters generates a circular shifted version of p[n]. This technique is
called tail-biting in some studies [24], [25]. While it ensures that cyclic prefix length
is independent of the transmit filter length, it also enables frequency domain imple-
mentation for transmit filtering, which can reduce computational complexity for high
transmit filter lengths [26] (especially for high M - K values). Furthermore, note from
Figure [3.4bl that there is even symmetry in p[n]. This is important in that only if p[n]
is even symmetric and CP is longer than the channel delay spread, any linear convo-
lution with the channel response becomes equivalent to circular convolution, which
results in a circulant channel convolution matrix. This makes single tap equalization

possible on the receiver side as in OFDM [1]].
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3.5 GFDM Modulator Model

The output of the GFDM transmitter, x[n], in Figure can be written as in (3.3)).

Defining p,,[n] = p[(n — mK)y], (3.3) can be reexpressed as

M-1K-1

x[n] = Z Z dimPm|[n]gk[n].

m=0 k=0

(3.5)

It is also possible to express (3.3)) as a multiplication of a matrix A with a transmitted

data vector d as follows.
x = Ad

where

poln]go[n]
poln]gi[n]

z[1] pol[n]gx—1[n]
p1[n]go[n]
(MK —1] po[n]gi[n]

| pyv-1[n]gx1[n]

do,o
di0

dr—1,0
do,1
diq

dg—1,m-1

(3.6)

. (3.7

Such a simple expression of the transmitted vector x in terms of the vector containing

unmodulated symbols to be transmitted, d, will be useful in expressing the operations

of different types of GFDM receivers, which is explained in the following Section[3.6

3.6 GFDM Receiver

The basic block diagram of a GFDM receiver is given in Figure [23].

The samples from the sampler in the RF front end block is denoted as y.,[n]. The

CP portion of it is removed to get y[n]. Subsequently, the equalizer block equalizes

the effect of the channel with the estimated channel values provided by the channel

estimation block. This equalization is performed as a single tap equalization, since
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Figure 3.5: GFDM receiver block diagram

the structure of GFDM allows such a block equalization as mentioned in the previous
sections. The equalized signal y.,[n] is fed to the GFDM demodulator, which yields

the soft data bits. The slicer makes the hard decisions.

The single tap equalization procedure is simply run as

(3.8)

Yeq[n] = IFFT [w}

FFT[h[n]

thanks to the block structure of the GFDM symbol with a cyclic prefix that results
in a circulant convolution matrix. After equalization, the equalized samples are fed
to the GFDM demodulator. The demodulator can be of three types, namely Matched
Filter (MF), Zero-forcing (ZF) or Matched Filter followed by a Double Sided ICI
Cancellation (MF-DSIC) [23]], which will be detailed in the following sections. It
should also be stated that, in the following parts, the term "receiver" is used instead

of "demodulator".

3.6.1 Matched Filter (MF) Receiver

The matched filter (MF) GFDM receiver can be implemented as a correlator receiver,

as shown in Figure [23]).

As can be seen, each correlator is matched to a different time slot (to a different
GFDM symbol time interval) and a different subcarrier. After multiplication of the
received signal y.,[n] with appropriately circularly shifted versions of the pulse shape
p[n] and complex exponentials, summation is done over an interval of M K and the

result is sampled. This is the classical integrate-dump operation used in a correlation
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receiver. Such an operation in fact corresponds to multiplication of the equalized
version of the received signal, y.,[n] with AH. In this case the vector of estimated

soft bits, aMF can be expressed as
duvr = Afyeq (3.9)

where Yeq = [ Yeq[0] veql1] - .. Yeg[MEK — 1] ]". Such a receiver does not guarantee
that there is zero inter-symbol interference (ISI) or inter-carrier interference (ICI)
which will cause interference between the elements of the transmitted vector d. This
depends on the selection of the pulse shape p[n]. For instance, if it is a root-raised
cosine spectrum pulse, there will be zero ISI. However, ICI will still not be guaranteed
to be equal to zero. Therefore, if MF receiver will be used, the selection of the pulse
shape should be made carefully, considering the possible non-orthogonalities in time
(which will cause ISI) or frequency (which will be responsible for ICI). More details
on the selection of orthogonal pulses that will not cause ISI or ICI if an MF receiver

is used will be discussed in Chapter 4l

3.6.2 Zero-forcing Receiver

Zero forcing (ZF) receiver is simply the multiplication of y.q by the inverse of the
matrix A. In this case,

dyr = A yeq. (3.10)

Unlike MF receiver, ZF receiver is able to completely remove ISI and ICI. However,
the downside of ZF receiver can be a possible noise enhancement, which will degrade

SNR at the receiver.

3.6.3 Matched Filter Receiver Followed by Double Sided Interference Cancel-

lation

MEF-DSIC is a type of receiver that cancels the interference between the adjacent sub-
carriers proposed by [23]]. It is most useful when most of the interference in the re-
ceived signal is owing to ICI and this ICI is mostly present between the neighbouring

subcarriers. For example, this is the case when an RRC pulse is used for transmission.
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With MF type receiver on the demodulator side, the interference between the GFDM
symbols will only be due to ICI, thanks to the fact that raised cosine spectrum (RC)
pulse (which is obtained with matched-filtering of an RRC pulse) is a Nyquist-1 type
pulse [27]]. The ICI will also be mostly originating from the neighbouring subcarriers,
intensity of which is determined by the roll-off factor of the RRC pulse chosen. The
ME-DSIC receiver block diagram is given in Figure 3.7 [23]].

Yeq Ceq H d b
+@ A Demapper °
MF Receiver
€K
A g Select f Maoner
GFDM fK-l and fK+1 -~ pp
Modulator

Figure 3.7: GFDM MF-DSIC receiver block Diagram

As can be seen in Figure [3.7] firstly the input signal, yeq is matched filtered. After
matched filtering, hard decisions are made from 61, which will yield Be, which is
again mapped to their corresponding constellation points to yield f. From f, only the
symbols in the (k — 1) and (k + 1) subcarriers are selected, and the rest of the
symbols are mapped to zero to form the vector g which is fed to GFDM modulator
again. The output of the GFDM modulator, ey is subtracted from the input vector yeq
and this procedure is followed for all k£ values to finish one iteration of interference
cancellation. The number of iterations can be increased to get more accurate results.

Trade-off is the increased complexity owing to the higher number of iterations.

3.7 Windowed Cyclic-Prefix Circular Offset QAM

WCP-COQAM is a modification of GFDM by modulating the constellation symbols
with an OQAM type of modulation which is offered by Lin and Siohan [17]. The
transmitted signal with WCP-COQAM can be written as
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rwop—cogam[n] = 2 di m[n]p[(n — mK)y]

K-1 M-1
k=0 m=0

M—-1

+ 3 A gsnlpl(n + K/2 — mEK)y]

m=0

(3.11)

As can be seen in (3.11)), the application of OQAM modulation shows itself in that
the real part of dy. ,,,, which is denoted as df’m in (3.11)), is transmitted with a delay of

K /2 with respect to the transmission of the imaginary part of dy. ,,,, which is referred

to as dy},, in G.II). In B.1D), gr[n] = gr[n]e 7"k where v = £ — 1.

2

By using OQAM type of modulation, it is possible to preserve orthogonality both in
frequency domain (between the subcarriers) and in time-domain (between the sub-
symbols in a GFDM frame) by using pulse shapes other than the rectangular pulse
shape [28]] while maintaining the same spectral efficiency [29]. If OQAM is not used,
the only possible pulse shape that satisfies such an orthogonality is the rectangular
type pulse shape [28]]. The reason for using pulse shapes other than the rectangular
pulse shape is to use pulses that have better spectral properties such as being prone
to carrier frequency offset (CFO) (3], [4]], [S]] or having lower out-of-band (OOB) ra-
diation [5], [7]. Here, having better spectral properties corresponds to having better
localization in frequency domain, that is, the frequency response of the pulse-shaping
filter decays faster in frequency domain, which obviously will result in less OOB ra-
diation and immunity to CFO. In fact, this orthogonality enables the use of matched
filter receiver instead of a zero-forcing receiver, which may cause noise enhancement,
or MMSE receiver, which may also be responsible of some amount of noise enhance-

ment although less than ZF receiver.

3.8 Simulation Results

In this section, error rate performances of OFDM, GFDM (with three different re-
ceiver structures mentioned in Section[3.6]) and WCP-COQAM (with an MF receiver)

under CFO will be inspected. These performances will be observed under different
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channels. The first channel type that is included in the simulations is an AWGN
channel. Another channel type that is used in the simulations is a static ISI chan-
nel, specified by the COST-207 hilly terrain model [27]. The last channel type is the
Rayleigh faded version of the COST-207 channel, that is, the power of each channel
tap will be exponentially distributed with an average power corresponding to the tap
powers specified in the power-delay profile of the COST-207 hilly terrain model. The
pulse shapes that will be used are raised-cosine (RC), root-raised cosine (RRC) and
Dirichlet pulses. Here, the Dirichlet pulse is a pulse that is also referred to as the dis-
crete sinc or aliased sinc, whose DTFT produces a rectangular pulse. Since it is used
in time-domain in GFDM, it will be a rectangular pulse in frequency domain. In that
respect, GFDM will be an "inverse OFDM" since rectangular pulse is used in OFDM
in time domain, rather than in frequency domain. In that case, Dirichlet pulse is ex-
pected to present no ISI or ICI under ideal conditions, that is, the channel is perfectly
equalized and there is no ISI or ICI owing to timing and frequency synchronization
errors between the transmitters and receivers or due to any doppler effect. Simulation

parameters are given in Table 3.1l

The reason for choosing 128 subcarriers here is that in the simulations related to out-
of-band emissions and spectral mask compliance which are presented in Chapter [3]
the number of subcarriers are selected amongst possible choices that are specified in
LTE standard [[13]]. 128 is one of the possible choices. Furthermore, since the compar-
ison of OFDM and GFDM or WCP-COQAM at equal spectral efficiency conditions
is desired, the number of subcarriers for OFDM is M - K = 1152. Moreover, note
also that the number of GFDM symbols in a GFDM frame (M) is chosen to be an odd
number. This is important in that ZF receiver in GFDM does not perform well when
the number GFDM symbols in a GFDM frame (M) is an even number [30]. Amongst
the possible odd numbers, the reason for selecting M = 9 is in order to have the same

M value as in [7] for the out-of-band radiation comparison simulations.

As stated before, the simulations are performed under equal spectral efficiency con-
ditions. Therefore, the expectation is that GFDM and WCP-COQAM should give a
better performance under CFO, since pulse shaping is applied in GFDM or in WCP-
COQAM, which results in the use of pulses that have better localization in frequency

domain than that of the rectangular pulse used in OFDM.
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Table 3.1: Simulation Parameters

Pulse shape RC, RRC or Dirichlet
Roll-off factor 0.10r0.3
No. of subcarriers (K) 128 for GFDM, 128 - 9 in OFDM
No. of GFDM symbols (M) 9
CP length 72
No. of iterations for MF-DSIC 3
receiver
Constellation order 4 (QPSK)
AWGN or COST 207 (Static ISI or
Channel Rayleigh Fading)
Sampling rate 1 MHz
Carrier frequency offset (CFO) 0, 50 Hz or 100 Hz

Trials continue until at least 100

No. of Monte-Carlo trials
frame errors are collected

3.8.1 Simulation Results in AWGN

In AWGN, SER curves of OFDM, GFDM and WCP-COQAM under CFO are given
in Figures when RRC, RC pulses with roll-off factor 0.1 or Dirichlet pulses
are used for GFDM and WCP-COQAM.

From Figures [3.843.10, one may note that the theoretic SER vs. SNR performance
for OFDM in AWGN is given as a curve named as "OFDM Theory". This curve is
plotted according to the approximate symbol error probability expression of OFDM

with M’-QAM (M’ is the constellation order) in AWGN given by [31], which is

AWM —1) 3FE,
Pe & —Aar Q ( ar =N, 1>N0> (3.12)

The simulation results in Figures show that OFDM performs the same as
GFDM or WCP-COQAM for Dirichlet pulse under no CFO. This is an expected
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Figure 3.8: SER vs. SNR for OFDM, GFDM or WCP-COQAM with Dirichlet pulse
under different CFO values in AWGN
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Figure 3.9: SER vs. SNR for OFDM, GFDM or WCP-COQAM with RRC pulse with
roll-off factor 0.1 under different CFO values in AWGN

33



o
W OFDM Theory (CFO=0)
. | m@= ' OFDM
10 | mfe ' GFDM MF .
| ==« GFDM ZF
GFDM MF-DSIC iter=3
1070 ~ WCP-COQAM
10’5 I I I I I
0 2 4 6 8 10 12

SNR (dB)

Figure 3.10: SER vs. SNR for OFDM, GFDM or WCP-COQAM with RC pulse with
roll-off factor 0.1 under different CFO values in AWGN

result resulting from the zero ISI or ICI nature of the Dirichlet pulse. However, for
non-zero CFO, when RC and RRC pulses are used in GFDM or WCP-COQAM,
OFDM performs the best. The performance losses for the RC pulse are due to the
created ISI and ICI for the case of MF receiver. Similarly for the RRC pulse, the
created ICI is responsible for the performance losses compared to OFDM when MF

receiver is used.

The most significant observation from the Figures is that when CFO is
nonzero, OFDM performs better than GFDM or WCP-COQAM in all cases regard-
less of the chosen pulse shape. Therefore, GFDM or WCP-COQAM with RC, RRC
pulses with roll-off 0.1 or with Dirichlet pulse do not show any better CFO immunity
performance compared to OFDM in AWGN. Therefore, SER vs.. SNR simulations
are also performed for RC and RRC pulses with roll-off 0.3. The results are presented

in Figures B.11H3.12

As can be observed from Figures 3.1TH3.12] using RC or RRC pulses with roll-off
factor 0.3 in GFDM or WCP-COQAM did not yield in any better CFO immunity
performance compared to OFDM. Another observation is that GFDM MF receiver

34



CFO=0.1kHz

107 o
107}
e
w .
» OFDM Theory (CFO=0)
10°L .| 1 m@= 1 OFDM
+ mfAe= 1 GFDM MF
 =9= ' GFDM ZF
" ' =@= ' GFDM MF-DSIC iter=3
10 F WCP-COQAM
10_5 i i i i
0 2 4 6 8 10 12

SNR (dB)

Figure 3.11: SER vs. SNR for OFDM, GFDM or WCP-COQAM with RRC pulse
with roll-off factor 0.3 under different CFO values in AWGN
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Figure 3.12: SER vs. SNR for OFDM, GFDM or WCP-COQAM with RC pulse with
roll-off factor 0.3 under different CFO values in AWGN
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yields poorer performance compared to the case for which roll-off factors are 0.1

since increased roll-off factor causes higher ICI with MF receiver.

3.8.2 Simulation Results with Static ISI COST 207 Channel

Similar simulations are also made with the channel created according to the power-
delay profile dictated by the COST-207 Hilly Terrain Model. However, to limit the
number of the simulations that is presented, RC or RRC pulses with only 0.1 roll-off
factor is used in this section. The reason is that RC or RRC pulses with 0.1 roll-off
factor revealed better results than that of RC or RRC pulses with 0.3 roll-off factor.

The simulation results are given in Figures [3.13H3.15

SER

OFDM Theory (AWGN)
i | m@= ' OFDM
10 °F e | GFDM MF
| == GFDM ZF

GFDM MF-DSIC iter=3
4| WCP-COQAM

"

-5

10

0 2 4 6 8 10 12
SNR (dB)

Figure 3.13: SER vs. SNR for OFDM, GFDM or WCP-COQAM with Dirichlet pulse
under different CFO values in static ISI COST-207 channel

As can be observed from the above figures, there is a performance loss for COST-207
channel compared to the SER vs. SNR results observed in AWGN channel. This
is an expected result, since single-tap equalization that is performed to equalize the

multipath distortion as a result of the ISI channel is a zero-forcing type equalization
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Figure 3.14: SER vs. SNR for OFDM, GFDM or WCP-COQAM with RRC pulse
with roll-off factor 0.1 under different CFO values in static ISI COST-207 channel
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Figure 3.15: SER vs. SNR for OFDM, GFDM or WCP-COQAM with RC pulse with
roll-off factor 0.1 under different CFO values in static ISI COST-207 channel
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which is responsible for some amount of noise enhancement. The ISI created due to
COST-207 channel is considered to be cancelled with single-tap equalization since the
maximum delay spread of COST-207 which is about 20us is shorter than the cyclic
prefix length that is taken in the simulations, which is 72us. The main observation
from the simulations is that there is no case that GFDM or WCP-COQAM performs
better than OFDM under CFO also in COST-207 static ISI channel.

3.8.3 Simulation Results with Rayleigh Fading Cost-207 Channel

The simulations with the same parameters as in the ones made with the static ISI
COST-207 channel are performed when Rayleigh fading is present in the COST-207
channel. Simulation results for RRC, RC pulses with roll-off factor 0.1 and Dirichlet
pulses are presented in Figures
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Figure 3.16: SER vs. SNR for OFDM, GFDM or WCP-COQAM with Dirichlet pulse
under different CFO values in COST-207 Rayleigh fading channel
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Figure 3.17: SER vs. SNR for OFDM, GFDM or WCP-COQAM with RRC pulse
with roll-off factor 0.1 under different CFO values in COST-207 Rayleigh fading
channel
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Figure 3.18: SER vs. SNR for OFDM, GFDM or WCP-COQAM with RC pulse with
roll-off factor 0.1 under different CFO values in COST-207 Rayleigh fading channel
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As can be observed from the above figures, an error floor is observed for high SNR
levels owing to the interference created due to CFO. Such an error floor was not ob-
served in AWGN or in the static ISI COST-207 channel, since SNR values that are
considered was not as high as the SNR values used in the Rayleigh fading simula-
tions. The reason for the use of high SNRs in Rayleigh fading channel is to observe
SER values down to 10~*. Such high SNR values are needed because of the severe
performance loss owing to Rayleigh fading. An important observation may be that
the diversity order observed when CFO=0 is about 1. This is expected since no di-
versity is gained via any method such as coding, frequency hopping or maximal ratio

combining, etc.

The most important observation is that OFDM has better performance in any config-
uration that is examined under CFO. Therefore, it has been observed that the SER
vs. SNR performance of OFDM under CFO cannot be surpassed by GFDM or WCP-
COQAM with the pulse shapes that is used (RC,RRC pulses with roll-off 0.1 or 0.3
or Dirichlet pulse) or in the considered channels (AWGN, Static ISI or Rayleigh fad-
ing COST-207 channels). Therefore, by resorting to more advanced pulse shaping
methods, which will be detailed in Chapter 4} the effort in the following chapter is
to have better SER vs. SNR performance under CFO for GFDM and WCP-COQAM
than OFDM.

40



CHAPTER 4

PULSE SHAPING IN FBMC

4.1 Ambiguity Function and Orthogonality Conditions

In this section, we will concentrate more on the orthogonality between time symbols
and subcarriers in a transmitted signal with FBMC. A general representation of an

FBMC signal with K subcarriers can be given as follows.

2(t) = i 2i(t) (4.1)
70
where
(t) = Y dimp(t — mT)gu(t) (4.2)
and
gi(t) = e 2™k, (4.3)

In @.2)), p(t) corresponds to the pulse shaping filter’s impulse response and dy, ,,, cor-
responds to the data symbol transmitted at the k*" subcarrier and the m*™ time interval.
The complex exponential g (t) serves to shift the subcarriers to their corresponding
frequency positions and f; s are the center frequencies of the subcarriers. 7' is the

symbol duration. Let also py(t) be defined as

pr(t) = p(t)gr(t). (4.4)

At the receiver side, if it is desired that no ICI or ISI exists between the time symbols

and subcarriers, the condition in (.3)) should hold.
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<pl(t — nT),pk(t — mT)> = 5lk5nm (45)

where

it =)t =) = [ e = nTpie —mTyt. @)

In @.3), ;. is the Kronecker delta function which can be expressed as

1, ifl=k
ok = 4.7)
0, otherwise.

Considering (4.3), @.6) and it can be stated that if (.3)) is satisfied the pulse
shape that is used will create zero ISI and ICI at the receiver. This holds when the
receiver is of a matched filter type since the inner product operation given in (4.6) will
resemble an MF filtering operation. In fact, throughout this chapter, all orthogonality
conditions are defined for the MF receiver type. Here, the orthogonality constraint in

#@.3) will be related to a commonly used function called the ambiguity function.

4.1.1 Ambiguity Function

The ambiguity function of a pulse shaping function p(¢) can be defined as [32]

o]

U, (1,v) = J p(t)p*(t — 7)e 2™t qt (4.8)

—00

where 7 corresponds to the time-delay between the correlated functions and v is the
frequency shift. Recalling (4.6)), and replacing f, = kF in (4.3) and @.4)), the inner
product in (4.6) can be expressed as

{pit —nt),pi(t —mT)) = fm p(t —nT)e ™™ (t —mT)e* ™ dt.  (4.9)
-0
Comparing (4.8) and (@.9), it can be seen that

it = nt), pr(t —mT)) = W, ((m —n)T, (I = k)F). (4.10)
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Since the ambiguity function and the inner product expressed in (4.9)) are related as
in (4.10), the orthogonality constraint given in (4.5)) is equivalent to
1, iftm=nl=k

U, (m—n)T,(l—k)F) = 4.11)
0, otherwise

which can also be expressed as

1, ifm=k=0
U,(mT, kF) = (4.12)
0, otherwise.

Note that when k=0,

0

U,(7,0) = f p(t)p*(t — 7)dt, (4.13)

—00

which corresponds to the case for which the symbols are transmitted on the same
subcarrier. In this case, the symbols can only be differentiated with their transmission
time delays. This time delay is represented as 7 in (4.13)). When the correlator outputs
are sampled at a sampling period of T in an MF receiver, 7 = n7'. This means that
the orthogonality constraint given in corresponds to the Nyquist criterion for
zero ISI. Therefore, one of the possible pulse shape designs is the square-root-raised
cosine (RRC) pulse. It satisfies the Nyquist constraint for zero ISI [33]. However, it
has some disadvantages. First, denoting the spacing between the subcarriers as F/, if
F = %, where 7T is the sampling duration, any RRC pulse with roll-off factor greater
than zero will violate the orthogonality constraint in (4.12) due to the created ICI
between the subcarriers. Furthermore, any increase in the roll-off factor will result
in a higher ICI, which is not desired. To preserve orthogonality, a possible approach
can be increasing the subcarrier spacing proportional to the roll-off factor as in the
following equation.
1+«

F= (4.14)

In this case, lattice symbol density, which is defined as the number of symbols per

unit area, 7, can be calculated as

<1 (4.15)



Considering @.13)), increasing roll-off factor decreases the lattice symbol density,
which reduces the overall spectral efficiency. Instead of using RRC pulses with high
roll-off factors, using RRC pulses with low roll-off factors also have some disadvan-

tages [3)]. These are

e A small roll-off factor results in a slowly decaying time-domain pulse. This
causes high complexity for the receive and transmit filters, which will have

long impulse responses.

o If there is any timing offset at the sampler at the receiver side, this will cause
high ISI. Therefore, the communication system will have high sensitivity to

timing offset at the receiver.

e Since the pulse have long duration, in terms of ISI, it will be more sensitive
to time variation in the channel. This results from the fact that if the channel
changes much from symbol to symbol, the pulses corresponding to different
symbols will be multiplied by a different channel factor, which in turn creates

ISI.

Therefore, taking into account the abovementioned disadvantages of having either
small or large roll-off factor for the RRC pulses, the pulse design is carried out with

some more advanced methods.

4.1.2 Advanced Pulse Shape Design Methods

The disadvantages of RRC pulses that are discussed in the previous section leads a
pulse shape designer to opt for more advanced pulse shaping methods. It is important
to note that the purpose is to find pulses that has immunity to ISI, which is caused
by the multipath effect in the transmission channel that causes time dispersion or
by any timing offset at the sampler at the receiver. Moreover, the designed pulses
should also have immunity to ICI, which is created by the Doppler effects in the
channel [34], which corresponds the frequency dispersion of the channel or by the

lack of frequency synchronization between the transmitter and receiver (due to any
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CFO at the receiver). To combat ISI and ICI, it is crucial to use pulse shapes that
has good time and frequency localization (TFL) [35]. In order to explain TFL, it will
be useful to define some quantities related to the designed pulse shaping function.

Firstly, the time dispersion of a pulse, p(t), can be defined as

\/f 2{p(t) Pdt. .16)

Furthermore, the frequency dispersion of a pulse can be given as

= \/ | rerar @1

where P(f) = F {p(t)}. In order to have pulses that have minimum TFL, we should

minimize v;7yr. However, the Heisenberg-Gabor Uncertainity Principle (HGUP) gives
a lower bound for the TFL of the pulse [36]

1
= —. 4.18
VeV f . ( )

The above bound is a tight bound. In fact, it becomes an equality if and only if p(t)

is a Gaussian pulse [37]. The expression for a Gaussian pulse is

PGaussian (t) = —=€ (419)

where « is related to the spread of the Gaussian pulse in time domain. Although the
minimum value for the TFL is reached when p(¢) is a Gaussian pulse, the orthogo-
nality conditions in (4.12) is not satisfied with a Gaussian pulse. In order to design
pulse shapes satisfying both minimum TFL, or the Heisenberg-Gabor uncertainity
lower bound and the orthogonality conditions, there are many different methods in
the literature [38], [39], [40]. Amongst these, isotropic orthogonal transform algor-
tthm (IOTA) is one of the most popular methods. In this algorithm, an initial pulse is
selected to be a Gaussian pulse, and it is converted such that it has nulls in the ambi-
guity function ¢ (7, v) at every 7 = L7p and v = L'vp, where L and L’ are integers.

This conversion can be expressed as

pN<t> = fﬁlOTovaopGaussian(t) (4.20)
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Here O,, and O, are orthogonalization operators. If y(t) = O,x(t), orthogonal-

ization operator O, yields y/(t) as follows.

y(t) = = £4) -
VS et —n /)P

Starting with a Gaussian pulse, which satisfies the minimum value of TFL that can be

4.21)

achieved according to the HGUP, and applying such an orthogonalization operation,
which is defined in (4.20) and (.21)), a pulse both satisfying minimum TFL and the
orthogonality conditions in can be obtained. The resulting pulse is expected
to suffer less from ISI and ICI, compared to other pulses that do not have minimum

TFL.

4.2 Orthogonality Conditions in OQAM-OFDM

In this section, the orthogonality conditions will be given in a more detailed fashion
for OQAM-OFDM. Following that, these conditions will be generalized for WCP-
COQAM modulation, which was stated to be an extension of GFDM.

OQAM-OFDM is a type of modulation that has some differences from OFDM. OFDM
has a block structure that is composed of a cyclic prefix (CP) and an OFDM symbol.
This block with CP has a special structure that enables single tap equalization on the
receiver side with a simple DFT operation, as explained in detail in Chapter 2L It is
also referred to as CP-OFDM in the literature. However, OFDM has a rectangular
pulse shape, which has poor decaying property in frequency domain, which report-
edly creates high distortion due to CFO at the receiver or frequency dispersion caused
by the transmission channel [3], [4], [S] and high OOB radiation [3], [7]. Hence, pulse
shaping is applied in order to improve such fallbacks of OFDM. OQAM/OFDM is
one example for such modulation types with a pulse shaping flexibility. It also does

not have any block structure with a CP.

The similarity between CP-OFDM and OQAM/OFDM is that there is no interference
between the subcarriers (no ICI) and between the OFDM symbols (ISI), that is, the
subcarriers and OFDM symbols are orthogonal when there is no frequency or time

dispersion due to transmission channel or no timing and frequency synchoronization
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errors between the receiver and the transmitter. The orthogonality is also satisfied in
OFDM/OQAM with a pulse shape different than the rectangular pulse thanks to the
OQAM type modulation. If OQAM modulation is not used, it is not possible to use
a pulse with good time-frequency localization with a lattice density of 1 according to

the Balian-Low theorem.

The discrete OQAM-OFDM modulated signal can be obtained from (.I). Letting
t = nT in @), where T is the sampling period and x;[n| = z(nT), and consid-
ering the phase difference between the complex and real parts of the transmitted data
symbols in OQAM modulation, one can obtain the OQAM-OFDM modulated signal,

namely oo [n] as

K-1 K-1 o0
Toom[n Z zr[n Z dy; mpPln — mK]gi[n]
k=0

k=0 m=-—a0

+ Z jd? mpln + K/2 — mK]gg[n]

m=—00

(4.22)
Here gx[n] is equal to gx(nT') in @.3), only with a difference due to a phase term,

. [e] .
[ = e /™% In this case,

gk[n] = Bgr(nT) = Be 72wl — ¢=72mic(n=a/2), (4.23)

The significance of the phase term [ will become clear in the following parts. The
block diagram for the construction of the transmitted signal, xooas[n], and the OQAM-

OFDM MF receiver is presented in Figure 4.1l (a) and [4.1] (b), respectively. [3]].

In Figure if there is no ISI or ICIL, dj,,, = ka. In this case, the value of the
recovered symbol at the k*" subcarrier and m'* symbol interval, should only depend
on the transmitted constellation symbol at the k* subcarrier and m!"* symbol interval.

The effect of the symbol transmitted at the (k + v)™ subcarrier and m!"

symbol
interval on the received symbol at the k" subcarrier and m** symbol interval (This
effect should be zero in order to have zero ICI) is also depicted as a block diagram as
in Figure [3]]. For zero ISI and ICI, the conditions given in (4.24)-(@.27) should

be satisfied [3]].
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R {p[n — mK]e* w02 5 pln]| = 6[m]d[v], (4.24)
S {jpln + K/2 — mK]e> =2 s pln — K/2]| = d[m]o[v],  (4.25)
R {jpln + K/2 — mK]e”* ==} s pn]| =0, (4.26)

S {p[n — mK e/ s pln — K /2] = 0. (4.27)

The above equations (4.24))-(4.27) imply zero ICI when v # 0. In terms of ISI, (4.24)
and ([@.23) is satisfied only when there is no ISI for d}} or d;}, . In addition, @.26)
and ensures that no interference exists between the real and imaginary parts of
Ak m-

In [3], it has also been proved that (4.26) and (4.27) are equivalent and they are

satisfied if p[n] is an even symmetric function such that

p[n] = p[(2b + 1)§ +a—n] (4.28)

where b € Z and o € [0, K — 1]. Here o and b can be adjusted according to the
designed FIR filter length. If the filter length is denoted as L,, the o parameter should
be selected as o = L, + % — 1 mod K. When the filter length is an integer multiple
of the number of subcarriers, K, thatis L, = G - K, where G € Z, o = % — 1.
Therefore, when constructing the transmitted signal xpons[n], the selection of the

value of « is important to have orthogonality with the designed pulse.

Now that (4.26)-(4.27) are satisfied when the designed pulse satisfies (4.28)), the re-
maining conditions for orthogonality, (4.24)-(4.23)) should also hold. In [3]], the equiv-
alence of (4.24)-(.23) is also shown and they have been proven to be satisfied if the
following equality holds.

1 1
§<p7p7v,m> + §<p7pv,m> = 5[m]5[v] (429)

where

Pom = pln — mK e zv=ar?), (4.30)

Here, 0[m] is the Kronecker delta function and {c¢,d) = >, c[n]d*[n] corre-
sponds to the inner product of the sequences c[n] and d[n]. In [3], the condition in

(@.29) is written using discrete-time Zak transform (DZT).
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4.2.1 Orthogonality Expressions using DZT

DZT of a sequence c|n] is defined as [41]], [42],

o]

Z,(n,0) = Z p {n + mg} e —J2mmb (4.31)

m=—00

with an inverse transform given as
1
pln] = f Z,(n,0)do. (4.32)
0

In [3]], it has been proved that starting with an even symmetric pulse p[n] satisfying
#@.28), the discrete Zak transform of an orthogonal pulse py[n] satisfying (4.28]) and
#@.29), thus all of the orthogonality conditions, which are @.24)-(4.27)), can be found
as

22,(n,0)
VEIZ, (0,02 + K|Z,(n,0 - 2

Zpy(n,0) = (4.33)
If Z,, is found, py[n] can be obtained by taking inverse DZT. Therefore, the design
procedure is simply taking the DZT of an initial pulse p[n] satisfying the symmetry
condition in (4.28)) and finding 2, (n, #) using (4.33) and taking the inverse DZT to
obtain the orthogonal pulse py[n]. However, an even simpler implementation of this

design procedure is to use FFT or IFFT to take DZTs or inverse DZTs, respectively.

4.2.2 Implementation of the Algorithm Using FFT

The DZT expression given in (4.31)) can also be evaluated at discrete frequencies as

[41]
G-1 K ‘
Z,[n,v] = Z p {n + m;} e~ w/Gm (4.34)

=0

3

wheren = 0,1, ... —1,v=0,1,...,G — 1. Here the length of the initial filter

"2
K
p[n] should satisfy L, = 5 G, that is L, should be an integer multiple of K /2.
2L
Therefore,G = Yp. It can also be seen that Z,[n, v] can be evaluated by taking the

K
FFTs of the columns of the following G x 5} matrix P
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0] p[1] o pE/2-1]
p[K /2] p[K/2 + 1] o pK—1]
P = p[ K] p[K + 1] . plBK/2-1] |. (4.35)
_p[Lp_K/Q] plly = K/2+1] ... plL,—1] |

Using this observation, the design procedure to obtain an orthogonal pulse is as fol-

lows.

e Choose an even symmetric initial filter, p[n], satisfying (4.28).

e Zero-padding can be done on p[n| while (4.28)) is still satisfied. After zero-
padding, the length of the initial filter must be an integer multiple of the half of

the number of subcarriers that will be used. That is L, = > G.

e Compute DZT of the orthogonal filter po[n] according to 4.36). Z,(n, v) can
be found by taking the FFTs of the columns of the matrix P in (4.33)).
2Z,(n,v)

— (4.36)
VEIZ (02 + K|Z,(n,0 - )

Zp, (n, U)

e Compute the inverse DZT of Z, [n, v]. This corresponds to taking the inverse

FFTs of the columns of the matrix Z, [n, v].

Starting with an initial pulse, p[n], orthogonal pulses that satisfy (4.24)-(4.27) can be

created following the above-mentioned steps.

4.3 Equivalence of Orthogonalization of Pulses Using Discrete Zak Transform

and Isotropic Orthogonal Transform Algorithm

Now that the two algorithms that yield orthogonal pulses, namely the Isotropic Or-
thogonal Transform Algorithm (IOTA) and orthogonalization using discrete time Zak
Transform, are explained in detail, the relation between the two algortihms worth dis-
cussing. In fact, the equivalence of the two algorithms are proved in [43], when a

Gaussian pulse is used as an initial pulse in the algorithm that employs discrete Zak
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transform. Therefore, in order to form an orthogonal pulse in time and in frequency,
which have minimum TFL, the application of the orthogonalization algorithm that
resorts to discrete Zak transform on a Gaussian pulse will be equivalent to applica-
tion of IOTA on a Gaussian pulse. Owing to the simplicity of the orthogonaliza-
tion algorithm based on discrete Zak transform with simple fft and ifft operations,
we have employed this algorithm instead of IOTA to obtain orthogonal pulses to be
used with WCP-COQAM. However, for the discrete case, there is no proof that the
abovementioned algorithm will yield the same orthogonal pulse as IOTA will give.
Therefore, starting with an initial Gaussian function, after the application of discrete
Zak Transform, the resulting pulse that are used in the simulations in this chapter is
checked whether it satisfies the criteria given in [3] to have minimum time frequency
localization. Furthermore, the pulses obtained after the discrete Zak Transform based

algorithm will be referred to as DZAK pulse.

4.4 Orthogonality Conditions for WCP-COQAM

In this section, the orthogonality conditions for WCP-COQAM for MF receiver will
be analyzed. To begin with, consider the transmitted signal with WCP-COQAM,

K-1 [ M-1
Twop-cogam|n Z Z kmgk pl(n — mK)n|
k=0 m=0

M—-1
+ > Jdg arnlpl(n + K/2 = mK)y]
m=0

(4.37)
Considering the MF receiver which corresponds to taking the real part of the multipli-

cation of the received and equalized vector y,, by A¥, the zero ISI and ICI conditions

for WCP-COQAM can be written as follows.

2 R {pl(n — mK)y]e? &= p*[n]} = 6[(m)a]6[v], (4.38)
2 R {pl(n + K/2 — mK)y]e? x2p*[(n + K/2) 5]} = 6[(m)ar]6[v],

(4.39)
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N—

Z R {jp[(n + K/2 — mK)y]e?? & "=/Dp*[n]} = 0, (4.40)
fo |
Z [(n — mK)y]e?? %2 jp*[(n + K/2)x]} = 0. (4.41)

In @.38)-(4.41), N = M - K, where K is the number of subcarriers and M is the
number of WCP-COQAM symbols in a WCP-COQAM frame. Note also that by
definition 0[(m) ] is equal to 1 when m is equal to integer multiples of M and it
is equal to zero otherwise. If (4.38)-(4.41) are satisfied when v # 0, there will be
no ICI between the (k + v)™ subcarrier and the k' subcarrier. Therefore, the above
equations implies zero ICI when v # 0. On the other hand, when v = 0, (4.38)-(@4.39)

ensures no ISI for algfe or d?

k,m>

that is there is no ISI between real or imaginary
parts of the symbols that are transmitted at the same subcarrier, but at different WCP-
COQAM symbols. Moreover, when v = 0, (4.40)-(4.41) guarantee that there is no
interference between the real and imaginary parts of dj; transmitted either at the same

WCP-COQAM symbol or at different WCP-COQAM symbols.

4.4.1 Relation Between the Orthogonality Conditions of OQAM/OFDM and
WCP-COQAM

In this section, it will be shown that the orthogonality conditions which are found
for OQAM-OFDM in @.24)-(4.27) imply the conditions for orthogonality in WCP-
COQAM, given in @.38))-(4.41). Therefore, if there is such an implication, the or-
thogonal pulses that are designed for OQAM-OFDM by using the discrete Zak trans-
form based algorithm, can also be used for WCP-COQAM as orthogonal pulses.

Theorem: If a pulse shape p[n| satisfies the orthogonality conditions defined for
OQAM-OFDM, which are (4.24)-(4.27), it will also satisfy the orthogonality condi-
tions for WCP-COQAM, given in (4.38))- .

Proof: Define sz [m, v] such that
N-1
Sg~m,v] Z pl(n —mK + B)n|gu[n]p*[(n + 7)N] (4.42)
n=0
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2m5c(n=a/2) - Assume that m € {1,2,---, M}. Moreover, also as-

where g,[n] = e
sume that 5 is either equal to zero or K /2. Towards the end of the proof, the reason
for such assumptions will be clear. With these assumptions, —M K < f — mK < 0.

In this case, the term p[(n — mK + () y] in (4.42) can also be expressed as follows.

pln+ (M —m)K + ], when0<n<mK-§-1
pl(n—mK + B)n] =
pln — mK + 3], whenmK —f<n< MK -1

(4.43)
where M is the number of WCP-COQAM symbols in a WCP-COQAM frame and
K is the number of subcarriers. Note also that N = M K. Moreover, also assume
that y is equal to zero or K /2. This will bring about p[(n + )] being expressed as

follows.

pln+7], when0 <n < MK — v —1

pl(n+7)n] = (4.44)
pln— MK +~], when MK —vy<n< MK — 1.

Using (4.43)) and (4.44)), and also assuming MK —~v —1>mK —  —1, can
be rewritten as

mK—£F—1
sg[m,v] = Z p[n + (M —m)K + Blgu[n]p*[n + ]

n=0

MK—~—1
+ ), pln—mEK + Blg,[nlp*[n + 1] (4.45)
n=mK-—p3
MK-1

+ 2 pln — mK + Blg,[n]p*[n — MK + ~v].
n=MK—y

Changing the summation limits for the third summation term in (4.43), one can get

mK—p—1
spalmvl = 35 pln+ (M —m)K + g, [n]p*[n +]
Mlgioy—l
+ > pln—mK + Blg,[n]p*[n + 7] (4.46)
n=mK-—p3

+ 2 pln + (M —m)K + Slgo[n]p*[n + ]

n=—-y

since g,[n] = g,[n + MK]. Note that in (4.46), the first and the third summation

terms can be combined to obtain
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mK—35—1
spalm,vl = Y pln+ (M —m)K + Blg,[n]p*[n + 7]

n=—y

(4.47)

MK —~—1
+ Z pln — mK + Blg,[n]p*[n + 7]
n=mK-—_3

Moreover, the two summation terms in (4.47) can also be written as follows.

mK—£—1

n_Zﬁ, pln+ (M —m)K + Blg.[n]p*[n + 1]
= pln+ (M = m)K + Blgu[n] s pln — 1| _
nMj;; pln —mK + g, [n]p*[n + 7]
= pln —mK + Blg[n] sk pln — ]|
(4.48)

where 3 is the convolution operator and p[n] = p*[—n]. Using (4.47) and (4.43),
(@.42) can also be written as

sg~lm,v] = p[n + (M —m)K + B]g,[n] % p[n — 7]

n=0

+ p[n — mK + Bg.|n] * p[n — 7]

n=0

(4.49)
Moreover, considering (4.42)) orthogonality conditions for WCP-COQAM, which are

(@.38)-(@.41)), can be written in terms of sg,[m, v] as follows.

R {ss-0y-0lm, v]} = 6[(m)n]6[v], (4.50)

S {Jsp=k 27—k /2lm, v]} = 6[(m)ar]é[v], (4.51)
R {j5p=K/27=0[m, v]} =0, (4.52)

S {sp—0y=r2[m,v]} =0 (4.53)

Replacing s, in (#.30)-(#.33) using @#.49), and since g,[n] = /7% "~*/2) one can
get

Rip[n + (M — m)K]e* == % pln]|  }

n=0

+ Rip[n — mK]e>T €D e pln]| -} = 6[(m)a]d[v],

n=

(4.54)
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S{jpln + (M = m)K + K /2050 s jin — K 2]}
+ Spln — mK + K /2180 s g — 1 /2]| } = al(m)arlo[o)
(4.55)
Rijpln + (M —m)K+K /27502 s pln]| -}
+ R{jpln — mkK + K20k s gy —o,
(4.56)

Sp[n + (M — m)K]e?? & =) s pln — K /2]

}

n=0
+ S{p[n — mK e’ &2 j[n — K/Q]‘n_o} = 0.

(4.57)

Consider the case m € {1,2,--- , M — 1, M}. For these values of m, the assumed

conditions MK —y—1>mK — 3 —1and —MK <  —mK < 0 in the proof

hold when § = v =0or 8 =y = K/2or (8,7) = (K/2,0), which corresponds

to the cases in (4.50), (4.51) and (4.52)). Therefore, it is valid that @.50), @.51)),

#.32) are equivalent to (4.54), (@.53), .36), respectively. For these values of m,
#@.24) implies (4.54) when p[n] is real valued. Similarly, for the same m values,

when p[n] is real valued, (4.33) and (4.36)) are also satisfied by and (4.26),
respectively. Note also that, if the orthogonality conditions in (4.30)-(4.52) hold for
m = 1,2,--- /M — 1, M, they will also hold for any possible value of m, since
Sg[m,v] = sg,[m + PM,v] for any integer P value.

The remaining case in the proof is the satisfaction of (4.53). In (.53), note that
B = 0,7 = K/2. For these values, choose another set for the possible values of m

as {0,1,2,---, M — 1}. For these values of m, 3, vy, the assumed conditions in the

proof MK —v—1>mK —f—1and —MK <  —mK < 0 holds. Therefore,

#@.33) is equivalent to (4.57). Since (4.57)) is also satisfied by (4.27) when p[n] is real,
the proof is ended.

4.5 Simulation Results

In this section, simulation results will be given when discrete Zak transform based

algorithm is applied to an initial Gaussian pulse and the resulting orthogonal pulse is
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used for WCP-COQAM. In this section, the orthogonalized Gaussian pulse is simply
referred to as the Gaussian pulse. Simulation parameters are the same as that in
Section [3.8, which are given in Table 3.1l except that the pulse shape that is used
is an orthogonalized Gaussian pulse for WCP-COQAM, instead of the commonly
used pulse shapes such as RC or RRC pulses. For the Gaussian pulse, the parameter
«, given in (4.19), which determines the dispersion of the Gaussian pulse in time
domain, is selected as either 0.1 or 0.3. Error rate performances of OFDM and WCP-
COQAM will be compared under CFO. The channel types that are used are AWGN,
static ISI Cost-207, and Rayleigh fading COST-207, as in Section [3.8]

4.5.1 Simulation Results in AWGN

In AWGN, SER curves of OFDM and WCP-COQAM with Gaussian pulse under

CFO are given in Figure [4.3] and Figure [4.4] for the o parameter of the Gaussian
pulse being equal to 0.1 and 0.3, respectively.

-2
10 ¢ CFO=0.05kHz

o4
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Figure 4.3: SER v.s SNR for OFDM and WCP-COQAM with the Gaussian pulse
(with a = 0.1) under different CFO values in AWGN
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Figure 4.4: SER vs. SNR for OFDM and WCP-COQAM with the Gaussian pulse
(with a = 0.3) under different CFO values in AWGN

As can be seen in Figures and the theoretical OFDM curve is plotted ac-
cording to (3.12)). Note from the figures that, WCP-COQAM performs the same as
OFDM when there is no CFO. This is owing to the fact that the Gaussian pulse is
orthogonalized in time and frequency to yield zero ISI and ICI as OFDM when there
is no CFO. However, for non-zero CFO, WCP-COQAM do not perform any better
than OFDM for any CFO value and for any of the simulated o values, which are
0.1 and 0.3 for the Gaussian pulse, in AWGN. Therefore, in search for a case for
which WCP-COQAM performs better than OFDM, the simulations continue under
COST-207 Static ISI channel.

4.5.2 Simulation Results under Static ISI COST-207 Channel

Similar simulations performed under AWGN are also conducted under static ISI Hilly
Terrain COST-207 channel. The simulation parameters are the same as that used for
AWGN channel. Note that the effect of non-ideal channel estimation is not reflected
to the simulation results, that is, the channel is perfectly known at the receiver and

equalization is performed as a single tap-equalization at the receiver side, which is
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the very simple equalization method for both OFDM and WCP-COQAM. The SER
curves for OFDM and WCP-COQAM under static ISI COST-207 channel for differ-
ent CFO values are given in Figures 4.3land 4.6l Figure [4.3is for the Gaussian pulse
with @ = 0.1 and Figure 4.6] uses the Gaussian pulse with o = 0.3.
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Figure 4.5: SER vs. SNR for OFDM and WCP-COQAM with the Gaussian pulse
(with a = 0.1) under different CFO values in Static ISI COST-207 Channel

As can be observed from Figures and despite OFDM and WCP-COQAM
shows similar performance when there is no CFO, for non-zero CFO, OFDM per-
forms better than WCP-COQAM, which points out a better CFO immunity for OFDM
also for Static ISI COST-207 channel.

4.5.3 Simulation Results under Rayleigh Fading COST-207 Channel

In this section, the error rate performances of OFDM and WCP-COQAM will be
compared when Rayleigh fading is present in the Hilly Terrain COST-207 channel.
Figures [4.7] and [4.8] show the SER curves for OFDM and WCP-COQAM with Gaus-

sian pulse with a = 0.1 and a = 0.3, respectively.
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Figure 4.6: SER vs. SNR for OFDM and WCP-COQAM with the Gaussian pulse
(with a = 0.3) under different CFO values in Static ISI COST-207 Channel
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Figure 4.7: SER vs. SNR for OFDM and WCP-COQAM with the Gaussian pulse
(with @ = 0.1) under different CFO values in Rayleigh fading COST-207 channel
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Figure 4.8: SER vs. SNR for OFDM and WCP-COQAM with the Gaussian pulse
(with a = 0.3) under different CFO values in Rayleigh fading COST-207 channel

As can be seen from Figures 4.7land 4.8], for non-zero CFO, an error floor is observed
at high SNR levels. This is owing to the interference created by CFO. Such an error
floor was not observed in the simulations performed under AWGN or COST-207
static ISI channel since such high SNR values are not simulated for these channels.
The reason for experimenting on SNR values as high as 40dB under Rayleigh fading
COST-207 channel is to be able to observe SER values down to 107, since Rayleigh

fading causes a significant error rate performance loss.

A similar observation under Rayleigh fading COST-207 channel is that OFDM per-
forms better than WCP-COQAM with the Gaussian pulse with &« = 0.1 or &« = 0.3 for
any CFO value. In fact, for the highest CFO value in the simulations, the performance
loss for WCP-COQAM is very severe compared to OFDM. Therefore, considering all
of the simulations that are presented, using discrete Zak transform based methods to
obtain minimum time frequency localization pulses in WCP-COQAM exploiting its
pulse-shaping flexibility to obtain a better CFO immunity than OFDM seems to be

ineffective for the observed cases in this chapter.
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CHAPTER 5

OUT-OF-BAND RADIATION COMPARISONS

5.1 Various Aspects of Out-of-Band (OOB) Emission Levels

Cognitive radio (CR) based applications [44], [45] have been gaining importance and
they are considered to be used in future communication standards in 5G and after. CR
is composed of three main components: spectrum sensing, dynamic spectrum access,
adaptive transmission. Spectrum sensing refers to the communication phase in which
the users listen to the channel in order to find any unused frequency gaps that they
may utilize. Dynamic spectrum management phase takes place after spectrum sens-
ing. In this phase, selection amongst the detected spectrum gaps is planned. Adaptive
transmission in the context of CR refers to the adaptation of the communication pa-
rameters (such as communication bandwidth, transmission power etc.) according to

the changing state of the spectrum that is considered.

CR is important since static allocation of the time and frequency resources corre-
sponds to very low levels of utilization. The recent study by Federal Communications
Commission (FCC) has stated that the utilization of the allocated spectrum is only
30% in US. Moreover, spectrum occupancy varies from milliseconds to hours [46].
Therefore, proper use of the frequency and time resources with CR based techniques
increases the spectral efficiencies drastically. This will be important for the satisfac-
tion of the expected requirements of the 5G systems to provide 1000 times more bit

rate [47]].

Although CR based techniques are considered for the next generation mobile systems,

they have already appeared in the currently available standards. IEEE 802.22 [48]] is

63



the first global wireless communication standard that incorporates CR based appli-
cations. Moreover, IEEE 802.16 e/h/m gives possible cognitive radio applications

which are compatible with the existing 4G systems [49].

To be able to employ CR based techniques, the users should not radiate much power
out of the frequency bandwidth allocated to them. That is, their out-of-band (OOB)
radiation should be small enough, in order not to interfere much with the possible
users whose neighboring frequency bands can be used opportunistically. The out-of-

band radiation of a transmitter, if denoted by OOB, can be calculated as,

fet+W /2

OOB = Pt — f X(f)df (5.1)
fe=W/2

where P, is the total transmitted power of the user, f. is the carrier frequency, W
is the transmission bandwidth and X (f) is power spectral density of the transmitted

signal.

Reduced OOB emission has many advantages. First, if OOB radiation of a specific
user is low, it will concentrate most of its transmitted power in its transmission BW,
which will result in high SNR at the receiver side, which increases the capacity of
the transmission channel. However, if there is a power leakage to outside the trans-
mission BW, owing to the fact that intermediate frequency (IF) filter will only pass
the transmission BW, there will be an SNR loss at the receiver, which will result in
a capacity loss. Furthermore, for high valued OOB emissions, there will also be an
increased distortion at the receiver side apart from the effect of lower SNR values,

since IF filter will suppress the signal components out of the transmission BW.

The more pronounced advantage of low OOB radiation is that the interference be-
tween the neighboring users in the frequency spectrum is decreased. Since the fre-
quency spectrum is allocated to different users, these users should not interfere much
with the neighbouring ones, which is only possible with controlled amount of OOB

emissions.

All in all, considering the aforementioned advantages of CR based techniques, whose
application may strongly depend on limited values of OOB radiation, and direct ad-
vantages of controlled levels of OOB emissions, it is desirable to limit the OOB ra-

diation levels of the transmitter in a single or multi-user communication scenario. In
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Table 5.1: Spectrum emission limits specified in the LTE standard [51]

Spectrum emission limit (dBm)/Channel bandwidth
Afoon 1.4 3.0 5 10 15 20 | Measurement
(MHz) | MHz | MHz | MHz | MHz | MHz | MHz | bandwidth
+0-1 -10 | -13 | -15 -18 | 20 | -21 30 KHz
+1-25 | -10 | -10 | -10 | -10 | -10 | -10 1 MHz
+25-28 | 25 | -10 | -10 | -10 | -10 | -10 1 MHz
+2.8-5 -10 | -10 | -10 | -10 | -10 1 MHz
+5-6 25 | -13 | -13 -13 -13 1 MHz
+6-10 -25 | -13 -13 -13 1 MHz
+10-15 -25 -13 -13 1 MHz
+15-20 -25 -13 1 MHz
+20-25 -25 1 MHz

order to limit the OOB radiations, there are many standards that draw the boundaries
on the maximum allowable OOB radiation levels by defining spectral mask require-

ments. These are given in detail in Section[5.2]

5.2 Spectral Mask to Limit OOB Emissions

Many standards have defined spectral masks that enforce maximum allowable OOB
radiation levels around the transmission bandwidths that can be utilized [50], [51]].
For example, the spectral mask requirement in LTE standard is presented in Ta-
ble[5.1l In Table[5.1l A fpo 5 indicates the distance from both ends of the transmission
bandwidth. For example, if the baseband equivalent a signal of 10 MHz bandwidth
is considered, that is the frequency spectrum of the signal lies between +5 MHz,
Afoop = 0 — 1 corresponds to the frequency region between —6 and — 5 MHz
or 5 and 6 MHz. A better illustration to indicate what A foop corresponds to is in-
dicated in Figure 5.1l As shown in Figure 5.1 the channel bandwidth corresponds
to the bandwidth that is used for data transmission. Its values range from 1.4 MHz

up to 20MHz in LTE. Furthermore, there is also a column entitled "Measurement
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Figure 5.1: Channel bandwidth and A fpop parameters in Table[3.11

Bandwidth" in Table 5.1l This implies that the values given in Table [5.1]in dBm or
equivalently in mW, are the average power values that is measured over a bandwidth

of IMHz.

The spectral mask specified in Table [3.1] is important in that, in the simulations that
will compare OFDM, GFDM and WCP-COQAM, the transmitted power values will
be compared while the transmitted signals satisfy the spectral mask requirements.
Through such a comparison, the modulation type that has the highest transmission
power while satisfying the spectral mask requirements will be considered to be ad-
vantageous over the others, since transmitting higher power, without creating much
OOB radiation will result in higher SNR values at the receiver side, which is better
in terms of the capacity of the communication system. Moreover, it can also be im-
portant to consider the effects that create additional out-of-band radiation and distor-
tion in the transmitted signal of DACs that has sharp transitions at their time-domain
output signals or power amplifier (PA) non-linearities. Furthermore, under such non-
ideal effects, other than the rise in the OOB radiation levels, there are also other
issues created by these non-ideal elements which shows as distortion in the transmit-
ted signals quantified by some parameters such as error-vector magnitude (EVM),
signal-to-interference ratio (SIR). Therefore, in order to carry out a thorough compar-
ison between any type of modulation in terms of their OOB radiation, the non-ideal
elements that create additional OOB emissions such as DAC or PA should also be
considered along with the other effects of these non-ideal items that create distortion
in the transmitted signal. These non-ideal elements and the reasons why they increase

OOB emissions are detailed in Section
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5.3 Non-Ideal Effects that Increase OOB Emisssions

5.3.1 Amplifier Nonlinearity

Amplifier non-linearity is one non-ideal factor that the power amplifiers (PAs) have
which leads to non-linear amplification of the input signal to the amplifier. The input

and output voltage characteristics of a typical PA is presented in Figure 5.2][1].

out

Nonlinear Region

Linear Region

Avg Peak

Y
<

Figure 5.2: PA input-output voltage characteristics.

As can be seen in Figure[5.2] the input voltage is amplified linearly up to some voltage
point denoted by "Peak". However, when this peak voltage is surpassed, the linear

amplification cannot be maintained.

Ideally, the input signal to the amplifier is expected to be amplified by a constant
factor. However, in the non-linear amplification case, harmonics of the frequency
components of the input signal appear in the output signal. This results in the leakage
of the power in the transmission band to the OOB portions of the frequency spectrum.
This is an undesired effect, since the average transmitted power should be reduced in
order to satisfy the requirements in a communication standard concerning the max-

imum OOB radiation levels. Such an action is also referred to as "power back-off".
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This will reduce the average transmitted power, which will degrade the SNR levels at

the receiver side.

Therefore, simulations comparing any type of modulations with respect to OOB radi-
ations should consider the amplifier non-linearities and its effects. To take the effects
of non-linear amplification into account, there are many PA models in the literature.

These models are summarized in Section [3.3.2]

5.3.2 Power Amplifier (PA) Models

There are two types of PA models in terms of memory, namely the memoryless PA
models and PA models with memory. Memoryless amplifier models assume that the
current value of the output signal of the PA depends only on the current value of the
input signal to PA, that is, the current value of the output voltage is independent of
the past and the future values of the input signal to PA. However, for the PA models
with memory, the current value of the output signal of the PA may depend on past or
future values of the input signal to PA. Dependence of input and output signals are
expressed as Wiener or Volterra series in the PA models with memory, which will
not be considered in the scope of this thesis. For the memoryless PA models there
are many amplifier models in the literature. The most popular ones are the Saleh
model [S2] and the Rapp model [53]. A recent modified Saleh model is also reported
in [54].

5.3.2.1 Saleh PA Model

Saleh model has AM/AM characteristics, that is, the amplitude of the output signal
of PA depends on the the amplitude of the input signal to PA. Furthermore, it has also
AM/PM characteristics, that is, there is a phase change in the output signal of PA
proportional to the amplitude of the input signal to PA. These characteristics can be
given as

Sin(t) = A ()70 s,,(t) = G(t)ed?n V) I®0) (5.2)

where
GoAin (t)
1 + (Ain(t>/Asat,in)2 ’

oAz ()
0 =152 0 63

G(t) =
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5.3.2.2 Modified Saleh PA Model

A more recent version of the Saleh model is a model referred to as modified Saleh
model [[54]]. It has both AM/AM and AM/PM characteristics as in Saleh model, which

are characterized by

Sin(t) = Am(t)ej(m”(t), Sout(t) = G(t)ej‘z’i"(t)ejq)(t) (5.4)
where
gOAzn(t) (07

G0 =77 BAn)? t) = 1+ A1)

— € (5.5

5.3.2.3 Rapp PA Model

Rapp PA model is another commonly used memoryless PA model. Rather than spec-
ifying both AM/AM and AM/PM characteristics as in the Saleh model, the Rapp
model has only AM/AM characteristics as in (3.6).

A
Sout (t> = ¥ Ain (t) ed)in(t). (56)

(1 + (YA (t)/Ag)?)2s

5.3.3 Digital to Analog Converter (DAC)

Digital to analog converters (DACs) are used in the modulation types that are exam-
ined in this thesis (OFDM, GFDM, WCP-COQAM). Their role in the transmitter is
to convert the digital data to be transmitted to an analog signal by sample and hold
type interpolation. In Figure a typical DAC that works with sample and hold

interpolation is presented.

As can be observed in Figure[5.3] the interval between the digital samples in the DAC
input is filled with sample and hold type interpolation, that is, the amplitude of the
interpolated signal between the two digital samples stays constant at the value of the

sample at the beginning of the interval to be interpolated.
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Figure 5.3: Discrete signal input to DAC and the reconstructed analog signal at the
output of DAC

To understand the reason why the sample and hold type interpolation increases the
OOB radiation, the Fourier transform of the transmitted signal should be considered.
Let the discrete signal at the input of the DAC be denoted as x[n]. Assume that z[n]
represent the samples of a continous time signal g(t), that is x[n] = g(nT) , where
T, is the sampling rate. In that case, the continous signal at the output of the DAC

y(t) can be written as follows.

y(t) = gt)- 3 ot —nTy) s rect (ﬂ) 5.7)

Ts
n=—oo

where 3k is the convolution operator. Taking the Fourier transform of y(t) to obtain
Y (f), one can find

V() = [GU) ko 3 (7 =)

$ n=—ow

P(f) (5.8)

where P(f) = Tysinc(T, f)e /™" and f, = 7-. Therefore,

Y(f) = i G(f — nfs)sinc(T,F)e ™1, (5.9)

n=—a
As can be inferred from (5.9), the frequency spectrum of y(¢) is not limited and
consists of the replicas of the spectrum of g(t) at the integer multiples of f,. In fact,
multiplication with a sinc term limits the bandwidth of Y'(f), but still it has significant
components around a few multiples of f;. Therefore, it can be stated that, while
perfect reconstruction of the analog signal to be transmitted from the discrete time

samples at the input of the interpolator is possible with a sinc interpolation, which will
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suppress the harmonic components at every f,, due to its low-pass filtering nature,
sample and hold type reconstruction results in a signal with significant components
falling into OOB. This will result in higher OOB values. Therefore, in the simulations
related to OOB comparisons of OFDM, GFDM or WCP-COQAM, the effect of DAC

will also be considered.

5.4 OOB Radiation Comparisons between OFDM and FBMC

In literature, there are various studies comparing OFDM and FBMC in cognitive radio
applications. For example, in [55], a new resource allocation scheme in a downlink
communication scenario has achieved higher bandwidth efficiency when it is used
with FBMC in comparison to its application with OFDM. Furthermore, FBMC has
shown superior performance in terms of spectral efficiency compared to OFDM in an
uplink scenario in [56]. The reason for the performance loss for OFDM is mainly
due to its high OOB created owing to the fact that the rectangular pulse has slow de-
caying property in the frequency domain. However, for FBMC, pulse shaping yields
pulses that have lower out-of-band performance. Since lower OOB results in less in-
terference between the adjacent users in frequency domain, higher spectral efficiency
values are obtained for FBMC in CR application, either in uplink or downlink, com-

pared to OFDM.

However, although there are many methods that are used to suppress OOB radiation,
they are not used in [S5] or [56] for OFDM. These methods are summarized in Section

5.5l

5.5 OOB Radiation Suppression Techniques

5.5.1 Windowing

Windowing is a method that is applied to decrease the out-of-band emissions. It
works by the way of smoothing the rapid changes that appear in the impulse response

of the pulse-shaping filter that is used. Therefore, it can be considered as a low-
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pass filtering, which obviously suppresses the high frequency content of the low-pass
equivalent of the transmitted signal, which corresponds to the frequency content of

the transmitted signal that falls out of the transmission band.

Since OFDM has large side-lobes, windowing is widely applied for OFDM. In that
case, it is referred to as filtered OFDM or windowed OFDM (W-OFDM). The pulse

shape for an OFDM signal after windowing can be expressed as

t—T'/2
pw (t) = rect( 7 / ) - g(t) (5.10)
where
1, ifft| <T'/2
rect(t/T') = (5.11)

0, otherwise.

Here what 7" corresponds to will be clear. g(¢) in (5.10) can be defined as

-

wt+T/2+Ty/2), if—T/2-Ty2<t<-T/2+Ty2

1, if—T/2+Ty/2 <t < +T/2—Ty/2
g(t) = 4 (5.12)
w(t —T/2+3Ty/2), if+T/2—Tp/2<t<+T/2+Ty/2

0, otherwise.
\

where w(t) is the windowing function and 7" is the OFDM symbol duration. 7Tj is
the half of the duration of the windowing function w(t) and 7" = T + Tj. All these
parameters are presented in Figure 5.4 which shows the construction of g(t) from an

arbitrary windowing function w(t) according to the equation given in (3.12).

There are many different types of windowing functions w(t) in the literature. For

example, Hamming and Hanning windows are given by a general formula below.

K (a - ﬁcos(;—t)) , 10 <t < 2T

w(t) = 0 (5.13)

0, otherwise.

For Hamming and Hanning windows, o = 0.54, 0.5 and § = 0.46, 0.5, respectively.

Another widely used window is a Blackman window, which can be expressed as
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Figure 5.4: Construction of ¢(t) from the windowing function w(t)
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2
K (0.42 + 0.08cos(Tit) - 0.5cos(;—t)) . if0 <t <27

wit) = 0 0 (5.14)

0, otherwise.

Subsequent OFDM symbols for which windowing is applied is presented as in Fig-
ure In Figure [5.3](a), T' corresponds to the OFDM symbol duration for the case

T
< >,
Symbol n-1 Symbol n Symbol n+1
‘ K >
To To

Figure 5.5: Transmitted pulse shape along with the neighbouring OFDM symbols
when windowing is applied.

when no windowing is applied, and 7}, is the transition duration between the transmit-
ted subsequent symbols created due to the windowing function. Total OFDM symbol
duration is 7" = T + Tj. Therefore, there is a loss of transmission efficiency owing
to non-zero Tj. The spectral efficiency loss owing to windowing, nw _orpas 1S
NW-OFDM = %~ (5.15)
In order for the spectral efficiency loss to be small, 7 should be selected as small
as possible. However, since windowing operation is effectively a low-pass filtering,
small 7 will result in a higher cut-off frequency for the equivalent low-pass filtering
effect, this will increase the OOB emissions. Therefore, in the design of the win-
dowing function and 7y, the trade-off between the OOB radiation suppression and

spectral efficiency loss should be considered.
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5.5.2 Guard Subcarriers

Guard subcarriers are the subcarriers that are placed at both sides of the transmis-
sion bandwidth, which contains the subcarriers that carry the information symbols
and possible pilot symbols. The aim of the insertion of guard subcarriers is to estab-
lish a guard region between the active subcarriers and the users that may be at the
neighbouring bands. Via such a guard band, the interference created between the ad-
jacent users in the subsequent bands are reduced. In Figure[3.6] the insertion of guard

subcarriers around the data and pilot subcarriers are illustrated.

& Data Data
Subcarriers Subcarriers

/N 7\

il

subcarriers subcarriers

Subcarriers

Figure 5.6: Insertion of guard subcarriers to reduce OOB emissions

In Figure the subcarriers that carry the information symbols are referred to as
data sub-carriers, whereas the sub-carriers that are allocated to be used for timing or
frequency synchronization or channel estimation tasks are represented as pilot sub-
carriers. As can be seen, guard subcarriers are placed at both ends of the transmission

bandwidth.

Forming a guard region composed of guard subcarriers is simple. The only thing to do
is to use the subcarriers in the transmission band to carry the data and pilot symbols
and do not utilize some of the subcarriers at both ends of the spectrum as illustrated in
Figure This means that zeros will be transmitted by the guard subcarriers, that is,
no transmission is carried out over some of the subcarriers that are at both ends of the

transmission bandwidth, which makes these subcarriers be called "guard subcarriers".
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5.5.3 Other Techniques

There are also some techniques other than windowing or insertion of guard subcarri-
ers in the literature. The first possible technique is using cancellation carriers (CC) to
suppress OOB emissions [57], [S8]. In this method, in addition to the data subcarri-
ers, which carry the information to be transmitted, a number of subcarriers are placed
at both sides of the transmission bandwidth with appropriate weighting in order to
minimize the interference caused in a specific portion of the frequency spectrum.
On the other hand, employing CCs to minimize the out-of-band radiation in a specific
portion of the spectrum has the disadvantage of having larger peak-to-average-power-
ratio (PAPR) [39]. Therefore, in [39], another method is proposed which is referred
to as adaptive symbol transition (AST) to limit OOB radiation in OFDM. It is similar
to the windowing technique in that OFDM symbols are extended in time in order to
have a smoother transition. However, rather than using a static windowing filter, the
signal during the transition is adapted according to the transmitted data. In this way,

PAPR is not increased much while OOB emissions are suppressed.

Now that the disadvantages of high OOB radiation are examined and the techniques
to reduce OOB radiation are discused, the next section will compare OFDM, GFDM
and WCP-COQAM in terms of OOB radiation levels in presence of OOB radiation

reduction techniques.

5.6 Comparison of OFDM, GFDM and WCP-COQAM in terms of OOB radi-

ation

In this section, OOB radiation of OFDM, GFDM and WCP-COQAM will be com-
pared. In fact, there are already such comparisons in the literature. For example,
GFDM is shown to create lower OOB radiation compared to OFDM in [7]. How-
ever, the OOB comparisons are not made at equal spectral efficiency conditions, that
is, the number of subcarriers in OFDM, is not equal to the product of the number
of subcarriers in GFDM and the number of GFDM symbols in a GFDM frame. In
other words, the number of subcarriers in an OFDM symbol is not equal to 7" - K.

Furthermore, GFDM is also shown to have even better OOB radiation performance,
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when windowing and insertion of guard subcarrier techniques are applied as detailed
in [7]. However, while giving such comparisons, these techniques are not applied to

OFDM, which deems the OOB radiation comparison unfair in [7].

Similarly, in [17], WCP-COQAM is compared with OFDM, which revealed the su-
periority of WCP-COQAM over OFDM in terms of OOB radiations. However, the
OOB radiation comparisons in [17]] are considered to convey trivial results since
WCP-COQAM has windowing but OFDM does not have. For a fair comparison,
windowed OFDM (W-OFDM) should be compared with WCP-COQAM with respect
to the OOB emissions. Furthermore, as in [7]], the OOB comparisons in [[17] are not

made under equal spectral efficiency conditions.

Therefore, the simulations that will be performed to compare the OOB radiations
of OFDM, GFDM and WCP-COQAM in this thesis will also be performed under
fair conditions, that is, the comparisons will also be carried out under equal spectral
efficiency conditions and OOB radiation reduction techniques such as windowing or

insertion of guard subcarriers will also be applied for OFDM.

The simulations related to the comparison of OFDM, GFDM and WCP-COQAM in
terms of OOB radiation that is presented in the subsequent sections mainly consist of
two parts. In the first part, the non-ideal effects of PA and DAC is not considered,

whereas in the second part they are included, in addition to other distortions created

by PA and DAC.

5.6.1 Simulation Results with no PA or DAC

In this section, simulations concerning OOB radiations will be carried out without
considering PA and DAC effects. For the OOB radiation comparisons of OFDM,
GFDM and WCP-COQAM, simulation parameters are selected as in Table[3.2]

Simulations will be performed when OFDM, GFDM and WCP-COQAM have equal
or unequal spectral efficiency. For the simulations carried out under unequal spectral
efficiency conditions, the number of subcarriers, namely K, is taken to be 128 for the
three different modulation types. When guard symbol insertion technique is used, out

of 128 subcarriers, the number of guard subcarriers is taken to be 52. The number of
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Table 5.2: Simulation Parameters

Total number of subcarriers (K) 128 or 1152
No. of guard subcarriers 52 or 468
No. of symbols in GFDM frame 9

Pulse shape

RC (with roll-off=0.1)

Constellation order

16-QAM

CP length

32 samples

Interpolation filter type

RC pulse with roll-off=0.1

Upsampling Rate 6
Interpolation filter duration 81 samples
No. of Monte-Carlo simulations 40
Spectral estimation method Periodogram

Windowing function

Hanning, 18 samples from both

sides

subcarriers being 128, out of which 52 are guard subcarriers, are taken from the pos-
sible choices that are specified in LTE standard [13]]. In addition, cyclic prefix length
is selected to be 32, which is the long CP selection when the number of subcarriers is
128 in [13]. When the guard symbol insertion technique is utilized, OFDM, GFDM
and WCP-COQAM modulation types will be referred to as G-OFDM, G-GFDM,
GWCP-COQAM, respectively. Similarly, if windowing technique is applied, OFDM
and GFDM will be called as W-OFDM and W-GFDM. There is no change for the
name of WCP-COQAM since it has windowing by default in its name. Furthermore,
if both windowing and guard symbol insertion techniques are used in OFDM, GFDM
and WCP-COQAM, they will be named as GW-OFDM, GW-GFDM and GWCP-
COQAM.

Note that the number of subcarriers is 1152 for OFDM for the simulations that are
made under equal spectral efficiency conditions. This results from the fact that the

number of subcarriers of OFDM should be equal to the multiplication of the number
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of subcarriers in GFDM or WCP-COQAM, which is 128, with the number of GFDM
symbols in a GFDM frame, which is 9, in order for equal spectral efficiency condi-
tions to apply. The multiplication yields 1152, which is the number of subcarriers for

OFDM under equal spectral efficiency conditions.

One may wonder the reason why the length of the windowing function is taken to
be 18 samples. In fact, since the length of the windowing function is not specified
in LTE standard [13], it is taken to be 18 samples. The windowing function is se-
lected to be Hanning, which is amongst the possible windowing functions discussed
in Section[3.51

Another important point may be about the selected constellation order. It is selected
to be 16-QAM. This originates from the fact that in [7], for the OOB comparisons
between GFDM and OFDM, the constellation order selection is 16-QAM. In order to
see that our results are in agreement with the results in [7]], the constellation orders are
selected to be the same. Moreover, the number of GFDM symbols in a GFDM frame
is also selected to be 9. Note that, it is an odd number since the number of GFDM
symbols in a GFDM frame must be an odd number, in order that a ZF receiver can be

used [30] in GFDM.

The power spectral densities (PSDs) of the signals are found by using the periodogram
method. Although there exists better spectral estimation methods such as Welch or
Bartlett methods [60], periodogram is an asymptotically unbiased estimator. In our
simulations, it has been observed that 40 Monte-Carlo simulations are enough to at-
tain stable OOB emissions curves, thus it makes sense to conclude that periodogram
provides the unbiased estimates with the specified number of Monte-Carlo simula-

tions.

Another point that may be significant is how oversampling is made to be able to ob-
serve the frequency range larger than the transmission bandwidth. In the simulations,
the time-domain signals are sixfold oversampled with an RC filter that has a length of
81 samples. However, after filtering, the samples are truncated from both sides such
that total number of samples of the upsampled signal is 6 times that of the original
signal. In fact, such a truncation could also not be made, but it will come with a loss

of spectral efficiency, owing to the delay caused by the interpolation filter, which will
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increase the required CP length between the OFDM symbols. Furthermore, if a trun-
cation is not made, the interpolation filter itself creates the effect of windowing, which
results in observations in which windowing has no or little effect in suppressing the

OOB radiation, since interpolation filter itself shows the effect of windowing.

5.6.1.1 Unequal Spectral Efficiency Conditions

With the specified simulation parameters in Table the out-of-band radiations
of OFDM, GFDM and WCP-COQAM under unequal spectral efficiency conditions,

with or without windowing are presented in Figure 3.7

—%F— OFDM
—— GFDM
—©— W-OFDM
W-GFDM
—+— WCP-COQAM| |

-3 -2 -1 0 1 2 3
Normalized frequency (1/T)

Figure 5.7: PSD of OFDM, GFDM and WCP-COQAM under unequal spectral effi-
ciency conditions with or without windowing

As can be observed in Figure [5.7] there is a significant difference between the out-
of-band radiations of OFDM and GFDM. The PSD values at 3 times the normalized
frequency (3/T) are about -53dB and -60dB, for OFDM and GFDM, respectively.
Application of windowing decreases the OOB radiations dramatically. It is able to
result in about 30dB less PSD values at 3/T either for OFDM or GFDM. An inter-
esting observation may be that the difference between the OOB radiations of OFDM
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and GFDM decreases with the application of Hanning window. However, there is
still a significant performance difference between W-GFDM, WCP-COQAM and W-
OFDM. It should also be noted that W-GFDM and WCP-COQAM shows similar
OOB emissions, which indicates that using OQAM instead of QAM does not change
anything with respect to OOB radiations. These results are in agreement with some
of the results in [7], which states that GFDM has lower OOB radiation compared to
OFDM. However, as also discussed before, these comparisons should be made un-
der equal spectral efficiency conditions in order to be more fair. Before giving the
results for the equal spectral efficiency case, OOB radiation results will be presented
when guard symbol insertion is also applied as an OOB radiation suppression method.

These results are depicted in Figure 3.8

—— G-OFDM
—— G-GFDM
—6— GW-OFDM
GW-GFDM ]
—+— GWCP-COQAM

-3 -2 -1 0 1 2 3
Normalized frequency (1/T)

Figure 5.8: PSD of OFDM, GFDM and WCP-COQAM under unequal spectral effi-
ciency conditions with guard symbol insertion and windowing

Note that the transmission bandwidth portion seems to be shortened in Figure [5.§]
compared to that observed in Figure 5.7l This is owing to the fact that some of
the subcarrriers are "turned off", that is, no symbol is transmitted over them, which
makes these subcarriers called as guard subcarriers. Moreover, when G-OFDM and

G-GFDM in Figure [5.7]is compared to OFDM and GFDM in Figure 5.7} there is ap-
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proximately 2-3 dB change in the PSD values at 3/T. This corresponds to the OOB
suppression effect of the guard symbol insertion. Moreover, as can also be seen from
Figure [5.8 although G-GFDM has about 10dB less OOB radiation compared to G-
OFDM, when both windowing and guard symbol insertion is applied to all of the three
modulations, there is no significant difference between their OOB radiations. There-
fore, it can be stated that if windowing and guard symbol insertion techniques, which
are commonly used to reduce OOB radiation levels, are utilized, there is no signifi-
cant difference between the OOB radiations of OFDM, GFDM and WCP-COQAM,

even under unequal spectral efficiency conditions.

Now that, many of the OOB reduction techniques, which are windowing and guard
symbol insertion, are used to see the OOB radiation of OFDM, GFDM and WCP-
COQAM under unequal spectral efficiency conditions, the simulations continue with

the case when OFDM has the same spectral efficiency as GFDM or WCP-COQAM.

5.6.1.2 Equal Spectral Efficiency Conditions

As mentioned before, a fair comparison of the OOB radiations of OFDM, GFDM
and WCP-COQAM should be made under equal spectral efficiency conditions. Such
conditions can be met when the number of subcarriers that is used in OFDM equals
to the product of the number of subcarriers in GFDM or WCP-COQAM, which is
denoted by K, by the number of GFDM symbols in a GFDM frame, which can also
be denoted as 7". This means that the number of subcarriers used in OFDM is 7' times
larger than that used in GFDM or WCP-COQAM. This, in fact, causes an increased
CFO vulnerability for OFDM, due to having more subcarriers in the same bandwidth.
Hence, OFDM may suffer more form CFO compared to GFDM. However, such simu-
lations, which revealed no higher CFO vulnerability for OFDM compared to GFDM,
are also done in Chapter 3l This further validates the fairness of the comparison of
the OOB radiations of OFDM, GFDM and WCP-COQAM under equal spectral ef-
ficiency conditions. Using the simulation parameters in Table [3.2] the PSDs of the
three modulation types, for some of which windowing is applied as an OOB reduc-

tion technique, are presented in Figure
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Figure 5.9: PSD of OFDM, GFDM and WCP-COQAM under equal spectral effi-
ciency conditions with or without windowing

As can be seen in Figure when the spectral efficiencies of OFDM and GFDM
are the same, they show the same performance in terms of the OOB radiation. For
unequal spectral efficiency case, GFDM has a 7-8 dB advantage over OFDM, whereas
they are the same for the equal spectral efficiency case. Moreover, if windowing is
applied, all of the modulation types produce the same performance with respect to
OOB radiation. Note that, there was a 4-5 dB difference in the PSD values at 3 times
the normalized frequency between W-OFDM and W-GFDM for the unequal spectral
efficiency case. In short, equating the spectral efficiencies, the OOB performances
of OFDM, GFDM and WCP-COQAM are made the same, either with or without

windowing.

The last part of the simulations includes the application of guard symbol insertion for
the three modulation types under equal spectral efficiency conditions. Corresponding

results are presented in Figure [5.10

As can be observed from Figure in all possible configurations, OFDM, GFDM
and WCP-COQAM gives the same OOB radiation values. For example, if only guard
symbol insertion is applied, OFDM and GFDM perform the same. In comparison
to the PSD values of OFDM and GFDM, for which no windowing or guard sym-
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Figure 5.10: PSD of OFDM, GFDM and WCP-COQAM under equal spectral effi-
ciency conditions with guard symbol insertion and windowing

bol insertion is used, which can be observed in Figure guard symbol insertion
is responsible for about 5dB reduction in the PSD values according to Figure
Moreover, if both windowing and guard symbol insertion is applied, OFDM, GFDM
and WCP-COQAM again gives the same OOB emission values. If the PSD values of
W-OFDM, W-GFDM and WCP-COQAM at 3 times the normalized frequency, which
can be observed in Figure are compared to that of GW-OFDM, GW-GFDM and
GWCP-COQAM in Figure it can be stated that guard interval insertion gives
about 10dB fall in the PSD values. Note that, this reduction was about 5dB when
there was no windowing. Therefore, these results convey that guard symbol insertion
does not affect the PSD values linearly. Its effect is enhanced when it is used along

with windowing, which is in fact the common practice.

All in all, when the spectral efficiencies of OFDM, GFDM and WCP-COQAM are
equated, there is no OOB radiation performance difference between any two of the
three modulations types, with or without any of the OOB reduction techniques that

are used in the simulations, which are windowing or guard symbol insertion.
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5.6.2 Simulation Results with PA and DAC

In this section, the effect of PA and DAC at the transmitters of OFDM, GFDM and
WCP-COQAM are considered. The block diagram that shows the elements in the

transmitter for the three modulation types is presented in Figure [5.111

QAM IFFT (OFDM) or Guard Interval
Modulator > Pulse Shaping > Insertion
(GFDM, WCP-COQAM) and Windowing
G
i Oversample
PA  «—(Xe—— LPF |« DAC |« with RC
- window

Figure 5.11: The transmitter block diagram with DAC and PA

As can be observed in Figure[5.11l the IFFT of the modulated symbols at the output of
the modulator is taken for OFDM. For GFDM or WCP-COQAM, this IFFT block is
replaced by the pulse shaping block. Then the OOB reduction methods, guard interval
insertion and windowing are applied. After that, to see a frequency range larger than
the transmission bandwidth, the signal is sixfold oversampled with an RC pulse of
roll-off 0.1. This signal at the output of the oversampling with RC pulse block can
be considered to be the signal whose PSD is found in the first part of the simulations.
To observe the effect of the sample-and-hold behavior of DAC in the simulations,
the samples at the input of DAC are repeated 11 times. Then, an additional low-
pass filtering is carried out with a 5'* degree Butterworth filter of 4.9MHz cut-off
frequency to suppress the replicas created in the frequency spectrum of the output
signal of DAC due to the sample and hold behavior of DAC, which are discussed in
Section Note also that the transmission bandwidth is selected to be 10 MHz in
the simulations. This choice is made since the closest number of subcarrier selection
to our choice, which is 1152, was 1024 in LTE standard, for which the transmission
bandwidth is specified to be I0MHz. Following the DAC block, the input to the PA
block is multiplied by a gain factor of g. The importance of this gain factor will be
discussed shortly. After such a multiplication, the signal is fed to the PA block, which

is the last element in the transmitter.
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The simulation procedure in this section can be expressed as follows. First, the simu-
lations are done with an initial value of the gain factor k. Then, the PSD of the output
signal is plotted. If it surpasses the limits specified in the spectral emission mask in
the LTE standard, the details of which are given in Table [5.1l the value of the gain
factor, g, is decreased. If the observed PSD is well below the emission mask, the gain
factor is increased. This procedure continues until the signal barely complies with
the spectral mask requirements. In fact, the specified procedure is the same as that
in [61] that compares OFDM and single-carrier transmission with frequency domain

equalization considering spectral mask requirements in WiMAX.

At the value of the gain factor g value, for which the spectral mask is barely satisfied,
three different parameters of the PA output signal is found. These parameters are the
transmitted power, error-vector magnitude (EVM), and signal to interference ratio

(SIR). EVM and SIR are defined as

2
EVM = 2L STR =2 (5.16)
Ama:c o7

where 07, 02 and A,,,, are the interference power, signal power and maximum signal

amplitude, respectively, as defined in [62].

In the simulations, the modulation type amongst OFDM, FBMC and WCP-COQAM,
that has the highest transmitted power satisfying the defined spectral mask, with ac-
ceptable distortion values observed from the EVM or SIR of the transmitted signal,

will be considered to be advantageous over the others.

For the simulation parameters, the ones in Table[5.2] which are used for equal spectral
efficiency conditions case in the first part of the simulations are selected except that
Gaussian pulse is used for WCP-COQAM rather than RC pulse. For example, the
number of subcarriers in OFDM is selected to be 1152, rather than 128. Furthermore,
in this section, windowing and guard symbol insertion will be applied for all cases
in the simulations. However, the modulations will be referred to as OFDM, GFDM,

WCP-COQAM, rather than GW-OFDM, GW-GFDM and WCP-COQAM.

The PA models that are presented in Section [5.3.2] are all included in the simu-
lations. For the Saleh model, the constants are selected as (g,, 0, B¢, Asat.in) =

(1,7/4,0.25,2V) as in [63]. For the modified Saleh model, the parameters are se-

86



lected as («, €, go, ) = (0.161,0.124, 1.0536, 0.086) which are the selections in [54]].
The Rapp model parameters are also chosen as (v, Ay, p) = (1,1V,2) as in [61].

An illustration of the condition for which the transmitted signal in OFDM barely
satisfies the LTE spectral mask is presented in Figure [5.12]

20

151

‘ !
Y Sy
101 l —©— Output to PA
5l & Input to PA

LTE spectral mask

_10 L

PSD(dBm/MHz)

_15 L

_20 L
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Frequency (MHz)

Figure 5.12: PSDs of the low-pass equivalent OFDM signals, before and after PA
(Rapp PA model)

In Figure[5.12] the PSDs of the signals modulated with OFDM at the input and output
of the PA are plotted. The PA model in Figure is the Rapp PA model. Moreover,
the spectral mask specified in Table 5.1l can also be observed in Figure 5.12l Note
that, there is no spectral mask requirement for the frequency range defined in the
transmission bandwidth, which lies in the frequencies between —5MHz and 5MHz,

since no such limitation is specified in the LTE spectral mask requirements.

The effect of PA, which increases the OOB radiation can also be observed in Fig-
ure 3,121 The PSD of the signal at the input of the PA has lower PSD values for the
frequencies that fall out of the transmission bandwidth, which is between -5 MHz
and 5 MHz. As can also be observed, the signal at the output of PA barely complies
with the spectral mask, as the PSD values touches the spectral mask limits at about
+6 MHz. At that point, the EVM, SIR and the average transmitted power is found.
Similar procedure is also applied for the other PA models and the other modulation

types, which are GFDM and WCP-COQAM.
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Such a procedure yields the transmitted power, EVM and SIR values, which are pre-

sented for Saleh, Modified Saleh, and Rapp model PAs in Table 5.3] Table [5.4] and

Table[5.5] respectively.

Table 5.3: EVM, SIR and the transmitted power values for OFDM, GFDM and
WCP-COQAM when Saleh model PA is used

Modulation Type | EVM (%) | SIR(dB) | Transmitted Power (mW)
OFDM 2.17 30.74 181
GFDM 2.16 30.78 183
WCP-COQAM 2.16 30.76 174

Table 5.4: EVM, SIR and transmitted power values for OFDM, GFDM and WCP-
COQAM when Modified Saleh model PA is used

Modulation Type | EVM (%) | SIR(dB) | Transmitted Power (mW)
OFDM 2.17 30.74 483
GFDM 2.16 30.75 490
WCP-COQAM 2.17 30.74 491

Table 5.5: EVM, SIR and transmitted power values for OFDM, GFDM and WCP-
COQAM when Rapp model PA is used

Modulation Type | EVM (%) | SIR(dB) | Transmitted Power (mW)
OFDM 2.16 30.76 217
GFDM 2.17 30.77 211
WCP-COQAM 2.15 30.75 210
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As can be observed from Table [5.3H3.3] the highest transmission power is observed
for the Modified Saleh PA model. However, there is no significant difference be-
tween the transmitted powers of OFDM, GFDM and WCP-COQAM for any of the
models. Moreover, the EVM and SIR values are extremely close to each other. From
these results, it can be stated that there is no significant difference between OFDM,
GFDM and WCP-COQAM in terms of the transmitted power values which are ob-
served with similar distortion levels in the simulations carried out. These simulations
are performed under a practical scenario considering the spectral mask requirements
in a communication standard, which is selected to be LTE, with the inclusion of the
effects of DAC and PA, which are fundamental elements in a transmitter. The results
also mean that the three modulation types suffer similarly from the PA non-linearity,
with close values of average transmitted powers, which leads to the conclusion that

their peak-to-average power ratio (PAPR) values are also similar.

In summary, although GFDM or WCP-COQAM is shown to have better performance
compared to OFDM in terms of OOB emissions in [[7], [17], this result does not hold
when the three modulation types are compared under fair conditions, that is, when
their spectral efficiencies are the same and OOB emission reduction techniques are
applied also to OFDM. In fact, even under unequal spectral efficiency conditions,
if both windowing and guard symbol insertion is applied, their OOB emissions are
similar. Furthermore, in a more practical scenario, taking into account the spectral
mask requirements and the effects of DAC and PA, their transmitted power perfor-
mance turned out to be very close to each other with similar levels of distortion in
the transmitted signals, which are observed with SIR and EVM parameters. These
results imply that there is no significant advantage of GFDM or WCP-COQAM over
OFDM, with respect to OOB emission levels for the cases that are included in the

simulations.
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CHAPTER 6

CONCLUSION AND FUTURE WORK

In this thesis, the claimed advantages of GFDM, which is one of the most popular can-
didate physical layer modulation scheme to be used in 5G communication systems,
and its variant WCP-COQAM compared to OFDM are investigated in terms of dif-
ferent performance metrics. The first claimed advantage is about the OOB emissions.
In [7] and [17], GFDM and WCP-COQAM are shown to yield better performance
in terms of OOB radiations. However, these comparisons are not carried out under
fair conditions. The unfairness results from the fact that the OOB emission reduc-
tion techniques such as windowing or guard symbol insertion was only applied for
GFDM or WCP-COQAM. In the OOB emission simulations included in this thesis,
these techniques are also applied for OFDM. In that case, it was observed that when
both guard symbol insertion and windowing is applied, there is no difference between

the OOB emissions between the three inspected modulation schemes.

Another unfairness in the OOB emission comparisons in the literature is the fact that
these comparisons are not made under equal spectral efficiency conditions. In OOB
simulations in this thesis, OOB emissions are also compared when the three modu-
lation schemes are at equal spectral efficiency. Under such conditions, it has been
shown that OOB emissions are the same for OFDM, GFDM and WCP-COQAM
regardless of whether windowing or guard symbol insertion techniques are used or
not. In addition to the observations of OOB emissions over the PSD estimates, the
OOB emission performance of the three modulations are compared in a much more
practical scenario in which the effects of amplifier nonlinearity and digital to analog

converter is also included. Under such effects, parameters related to the transmitted
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signals such as the average transmitted power, error vector magnitude and signal to
interference ratio are found for the three modulation types under spectral mask re-
quirements defined in the LTE standard. However, no important difference between

OFDM, GFDM and WCP-COQAM is observed in terms of these parameters.

Other than the comparisons related to OOB emissions, the three modulation types
are also compared with respect to their CFO immunities. Such simulations are made
since FBMC techniques, of which GFDM or WCP-COQAM are special cases, are
reported to be more robust to CFO compared to OFDM. Their CFO immunity perfor-
mances are evaluated in terms of their error rate performances under CFO in various
channel types. Furthermore, these simulations are also carried out under unequal
or equal spectral efficiency conditions. For the channel types and pulse shapes that
are included in simulations, neither GFDM nor WCP-COQAM yielded better CFO
immunity compared to OFDM.

In order to explore whether the CFO immunity of WCP-COQAM can be made better
than OFDM via pulse-shaping, discrete Zak transform based pulse shaping meth-
ods are considered for WCP-COQAM. Since a pulse that satisfies the orthogonality
conditions defined for OQAM-OFDM are mathematically proved to imply orthog-
onality when it is used for WCP-COQAM, which constitutes the main analytical
contribution of this thesis, the advanced pulse shaping methods defined for OQAM-
OFDM, which yield minimum time frequency localization pulses, are also applied
to WCP-COQAM. With such pulses, the error rate performances of WCP-COQAM
and OFDM are again compared under CFO, which has not yielded any better CFO
immunity for WCP-COQAM.

All in all, the results in this thesis point out that WCP-COQAM or GFDM does not
perform better in terms of the inspected performance metrics compared to OFDM.
Since the implementation of OFDM, which is composed of simple IFFT and FFT
blocks at the transmitter and the receiver, is simpler than GFDM or WCP-COQAM,
which requires matrix multiplications at the transmitter or receiver side to implement
the pulse shaping filters. Future work may concentrate on the pulse-shaping, since the
flexibility of GFDM or WCP-COQAM is mainly at that stage. The reason for the fact
that no better CFO immunity is obtained for WCP-COQAM although optimal time
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frequency localized pulses are used can be inspected through an even more analytical
perspective. If the reasons are understood better, new pulse designs can be made
accordingly for WCP-COQAM or GFDM to have better CFO immunity or OOB

emission performance compared to OFDM.
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