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ABSTRACT

NOMA MULTI-NUMEROLOGY AND GUARD
REDUCTION METHODS IN OFDM SYSTEMS FOR 5G
NETWORKS

Ayman Abu Sabah
M.S. in Electrical, Electronics Engineering and Cyber Systems
Advisor: Prof. Dr. Hiiseyin Arslan
June, 2018

Non-orthogonal multiple access (NOMA) is a promising technique which out-
performs the traditional multiple access schemes in many aspects. It uses su-
perposition coding (SC) to share the available resources among the users and
adopts successive interference cancellation (SIC) for multiuser detection (MUD).
Detection is performed in the power domain where fairness can be supported
through appropriate power allocation. Since power domain NOMA utilizes SC
at the transmitter and SIC at the receiver, users cannot achieve equal rates and
experience higher interference. In this thesis, a novel NOMA scheme is proposed
for multi-numerology (NR) orthogonal frequency division multiplexing (OFDM)
system, i.e., different subcarrier spacings (SCSs). The scheme uses the nature of
mixed NR systems to reduce the constraints associated with the MUD operation.
This scheme not only enhances the fairness among the users but it improves
the bit error rate performance as well. Although the proposed scheme is less
spectrally efficient than conventional NOMA schemes, it is still more spectrally
efficient than orthogonal multiple access schemes. As another contribution, we
propose a novel frame structure for fifth generation (5G) networks. Such the
structure aims to increase the capability of adopting the NR in 5G networks.
In particular, a common cyclic prefix is appended to multiple OFDM symbols.
Therefore, adopting large SCSs or short OFDM symbols becomes more flexible
and applicable.

Keywords: Non-orthogonal multiple access (NOMA), fifth generation (5G), nu-
merology (NR), orthogonal frequency division multiplexing (OFDM), fairness,

5G frame structure, cyclic prefix (CP) overhead, spectral efficiency.
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OZET

5G AGLARINDA OFDM SISTEMLERI ICN NOMA
COKLU NUMEROLOJIST VE KORUMA BANDI

AZALTIM YONTEMLERI

Ayman Abu Sabah
Elektrik-Elektronik Miihendisligi ve Siber Sistemler, Yiiksek Lisans
Tez Danigmani: Prof. Dr. Hiiseyin Arslan
Hagziran, 2018

Dikgen olmayan goklu erigim (NOMA) y6ntemi, bircok yonden geleneksel ¢oklu
erisim (MA) tekniklerini geride birakan ve gelecekte kullamilmasi beklenen
tekniklerden biridir. Kullanima agik kaynaklar1 kullanicilar arasinda paylagmak
i¢in siiper-pozisyon kodlamasi (SC) kullanir ve ¢ok kullanicil algilama (MUD)
icin ardigik girigim giderim (SIC) yo6ntemi kullanir. Sinyallerin tespiti ise adil
olarak uygun gii¢ tahsisi (PA) yontemi ile gii¢ uzaymda gergeklestirilir. NOMA
gii¢ alani, alicaida (RX) SC, vericide (TX) ise SIC kullanilmas1 sebebiyle kul-
lanicilar egit hizlara ulagsamaz ve daha yiiksek bir girisim yasayamaz. Bu tezde ise
¢oklu numeroloji (NR) dikgen frekans bolmeli ¢ogullama (OFDM) sistemi, yani
farkh alt tagiyic1 arahklari (SCS’ ler) i¢in yeni bir NOMA sgemasi énerilmistir.
Onerilen sema, MUD islemiyle iligkili kisitlamalar1 azaltmak icin karigitk NR sis-
temlerinin dogal 6zelliklerini kullanir. Bu gema sadece kullanicilar arasindaki adil
uygulama oranini arttirmakla kalmaz, ayni zamanda bit hata oran1 performansini
da (BER) geligtirir. Onerilen plan geleneksel NOMA yontemlerinden spektrum
verimliligin agisindan daha az olsa da Dikgen g¢oklu erigim (OMA) semalarindan
spektrum verimliligi acisindan daha zengindir. Bu olumlu yonlere ek basgka bir
katki da OFDM sistemlerinde gereken koruma ekleri, 6rnegin dongiisel 6neki (CP)
azaltmak igin yeni bir alici verici tasarimi 6nermekteyiz. Bir dizi OFDM sem-
boliit TX’ de bir CP’ ye eklenir. RX’ de, genisletilmig hizli bir Fourier déniigtimi
(FFT) ¢aligmasi, uzunlugun CP ile gikartilmig sinyale esittir. Sonug olarak, dikgen
olarak iletilen semboller yapici bir eklenti olarak eklenir. Bu matematiksel olarak
kanitlanmigtir. Sonug olarak, ¢ogullanmig sembolleri ayirmak icin iki yaklagim

benimsenmistir.

Anahtar sézciikler: Dikgen olmayan goklu girig (NOMA), dikgen frekans bolmeli
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¢ogullama (OFDM), ¢oklu numeroloji (NR), bit hata oram1 (BER), uygunluk,
koruma azaltma, dongiisel ének (CP), yiiksek giivenilirlikli ve az gecikmeli
haberlesme (URLLC), spektral verimlilik (SE).
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Chapter 1

Introduction

The amount of data handled by wireless networks is expected to be increased by
well over a factor of 100. From under 3 exabytes in 2010 to over 190 exabytes
by 2018, on pace to exceed 500 exabytes by 2020 [1]. In addition to the sheer
volume of data, the number of devices could reach the tens or even hundreds of
billions by the time 5G comes to fruition, due to many new applications beyond

personal communications.

Furthermore, cumulative and incessant demands on new services and appli-
cations, in addition to the great expansion in the number of connected devices,
have led to a huge data traffic explosion and appearance of different services and
classifications [2]. Such services have been classified depending on use cases as
follows, enhanced mobile broadband communications (eMBB), ultra-reliable and
low latency communications (URLLC), and Massive machine type communica-
tions (mMTC) [3]. Thus, a strong need to boost the expected high data traffic
has been recently emerged. Also, since it became obvious that the 5G has to sup-
port high data rates, applications industry and academia agreed on the necessity

of new and flexible radio access technologies (RATSs) [4].

In order to cope with the 5G demands, two contributions are proposed in this

thesis.



Chapter 2

NOMA Multi-Numerology
OFDM Systems for 5G Networks

The RAT mainly uses multiple access techniques to supply the mobile terminals
with a connection to the network [5]. Designing multiple access (MA) technique is
one of the most essential aspects of improving the system capacity [6]. MA tech-
niques can be grouped into two different categories, namely, orthogonal multiple
access (OMA) and non-orthogonal multiple access (NOMA) [7].

2.1 Orthogonal Multiple Access

An orthogonal scheme allows a perfect receiver to entirely separate undesirable
signals from the desired signal. In other words, the signals are orthogonal to each
other in orthogonal schemes [8]. Time division multiple access (TDMA), fre-
quency division multiple access (FDMA), code division multiple access (CDMA),
and orthogonal frequency-division multiple access (OFDMA) are examples of
OMA schemes. Fig. 2.1 illustrates a couple of OMA schemes. Due to the scarcity
of the resources, OMA cannot accommodate the extremely high capacity density

requirements and new solutions have to be introduced.
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Figure 2.1: Orthogonal multiple access techniques.

2.2 Conventional Power-Domain NOMA

In contrast to OMA, NOMA allows multiple users to share the same resources,
i.e., time, frequency, and code, within the same cell [9]. The current NOMA
techniques can be categorized into two groups, namely, power-domain and code-
domain NOMA [10]. Our work focuses on the power-domain NOMA that super-
poses multiple users in power domain and exploits the channel gain difference
between the multiplexed users [11]. Power domain NOMA adopts multiplex-
ing multiple users through superposition coding (SC) at the transmitter (TX).
Furthermore, it uses successive interference cancellation (SIC) as a multiuser de-
tection (MUD) technique to separate the users through power differences at the
receiver (RX) side [12]. The illustration of power-domain NOMA transmission is
depicted in Fig. 2.2.

The SIC is a well-known physical layer technique which basically depends on
power differences for detection [13]. Briefly, SIC allows a RX to receive two or
more signals at the same time. Then, the RX decodes the stronger signal, subtract

it from the combined signal, and decode the weaker one from the residue.

In order to achieve the fairness in the system and provide the capability of
detection at the RX side using SIC, the composed signals are assigned different
power levels depending on the users’ distribution. So, high power is assigned to
the poor users, i.e., far users, and low power to ones whose channel conditions

are good [14].



- Power User #'s signal

N ) ) User im's signal
)) ) .

Subcarrier 7

\ i

Q C User #'s signal
829 h decoding
35 u, =0

Usern

User m @ Ol SIC of user#1's m

. > .
signal decoding

IIT,FY? = 1

Base station

Figure 2.2: Power-domain NOMA.

2.3 Main Advantages of NOMA

e High spectral efficiency (SE): Consider a scenario, where a user with
poor channel conditions, i.e., at the cell edge, needs to be served for fairness
purposes. In OMA case, it is inevitable that one of the scarce bandwidth
resources is solely occupied by this user, despite its poor channel condi-
tions. Obviously, this has a negative effect on the spectrum efficiency and
throughput of the overall system. In this situation, the use of NOMA en-
sures not only that the user with poor channel conditions is served but also
that users with better channel conditions can concurrently utilize the same
bandwidth resources as the weak user. As a result, if user fairness is a
system requirement, the system throughput of NOMA can be significantly
larger than that of OMA [15].

e Fairness: One of the key features of NOMA is that it assigns more power
to the weak users and low power to the strong users. By doing so, NOMA is
capable of guaranteeing an attractive trade-off between the fairness among

users in terms of their throughput [16].

e Support massive connectivity: The future 5G network has to support
the Internet of Things (IoT) functionalities. Consider a scenario where
a user only needs a low data rate, e.g. IoT networks, then, the use of

OMA gives the IoT node more capacity than it needs. In contrast to OMA,

4



NOMA is capable of serving the users by using less transmission power [17].

2.4 Numerology Concept

Numerology (NR) refers to waveform parameterization, e.g., cyclic prefix (CP),
subcarrier spacing (SCS), in orthogonal frequency division multiplexing (OFDM)
systems. In Third Generation Partnership Project (3GPP) discussions, it has
been highlighted on NR concept where OFDM, with different parameters, is pro-
posed as a solution to cope with 5G requirements [18]. Multiple CP and SCS
families have been defined for NR concept [19]. For example, in order to decrease
the sensitivity to carrier frequency offset (CFO) or phase noise, large SCSs can
be used. In this work, the NR concept, i.e., different SCSs, is utilized in NOMA

systems. The details are shown later.

2.5 Problem Description

It is shown that, by adopting NOMA with OFDM-based as a RAT, multiple
users can be allocated on a subcarrier at the same time. However, the co-channel
interference (CCI) per subcarrier increases as more users are multiplexed on the
same subcarrier, which degrades the decoding capability [20]. In [15], the authors
have studied users’ pairing, then they concluded that NOMA outperforms OMA
especially with users whose channel conditions are more distinctive, which is

practically difficult to occur.

Power control/allocation has been studied in many works [16]. To guarantee
the fairness among NOMA users, more power is required for users with poor
channel conditions and less power for users with better channel conditions [12].
However, if the users have similar channel conditions, OMA can guarantee bet-
ter fairness and conventional power domain NOMA cannot strictly guarantee

the users’ quality of service (QoS) targets [8], which could be critical for some



scenarios with strict fairness constraints.

We propose an OFDM based NOMA scheme. The scheme utilizes the NR
concept, i.e., different SCSs, to reduce the constraints associated with the con-
ventional NOMA schemes.

2.6 Proposed Solution

NOMA has been widely studied and is considered as a promising MA for the
future 5G networks. However, degradation in the performance cannot be avoided
for some specific scenarios as discussed earlier. In order to address such problems,
a novel scheme is proposed. The proposed scheme basically utilizes the NR con-
cept to reduce the constraints associated with the conventional NOMA schemes.

Simply, the users utilize different SCSs, wide subcarriers and narrow subcarriers.

A three-user scenario is considered in this study. In the conventional scheme,
the three users are supposed to share the same subcarriers as shown in Fig. 2.3(a),
while in the proposed scheme, one user is assigned narrower and less frequently

spaced subcarriers as illustrated in Fig. 2.3(b).

The subcarriers configuration of the proposed scheme is characterized in that,
the wide subcarrier users are fully overlapped within the same wide subcarriers
and make a zero crossing at the peaks of the other wide subcarriers. Further-
more, the narrow subcarriers do not impose any interference at the peaks of wide
subcarriers, i.e., by avoiding the transmission on the half of narrow subcarriers.
As a result, the wide subcarriers are not affected by any external interference.
On the other hand, an interference is imposed by the tails of the wide subcarriers

on the peaks of the narrow subcarriers.

Even though the narrow subcarriers share the bandwidth with the wide subcar-
riers, the detection, of wide subcarrier users, is independent of narrow subcarrier

users, therefore, SIC can be used to detect the wide subcarrier users based on
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Figure 2.3: Signals superposition in time and frequency domains.

their power differences. On the other hand, the narrow subcarriers are detected

once the interference imposed by wide subcarriers is eliminated.

By assigning one of the users narrower subcarriers, we reduce the amount of
CCI imposed on the wide subcarrier users. Furthermore, the interference imposed
on the narrow subcarrier user can be easily canceled by eliminating the wide
subcarrier signals, which enhances the bit error rate (BER) performance for each

user.

The narrow subcarrier user has an extra degree of freedom (DoF) as its power
level is independent of the detection process, i.e., it is not restricted to the wide
subcarrier users and does not affect their detection process. In other words, the
SIC process does not depend on the power level of the narrow subcarriers which
grants more flexibility for power assigning. Based on that, the proposed scheme

has the advantage of providing a fairer rate allocation to the users compared with



the conventional scheme especially when the channel conditions of the users are

similar.

The corresponding time structure for the conventional NOMA scheme is de-
picted in Fig. 2.3(c). On the other hand, the proposed subcarriers configuration
in Fig. 2.3(b) can be simply accomplished by composing the symbols of wide
subcarrier users synchronously in the time domain, i.e., each with a length of one
OFDM symbol slot. Then, the extended OFDM symbol, i.e., narrow subcarrier
user, is added. However, a novel structure is adopted for the transmission. As
shown in Fig. 2.3(d), the OFDM symbol slots of wide subcarrier users are or-
thogonally constructed and then the extended symbol of narrow subcarrier user
is added. In this case, the wide subcarrier users are composed at the RX end and
the proposed subcarrier configuration is obtained. In both transmission struc-
tures, the resulted signal consists of two OFDM symbol slots and the utilized

resources are the same.

To achieve this purpose, the fast Fourier transform (FFT) operation, with
the length of two OFDM symbol slots, is performed at the RX end. By doing
this, the wide subcarrier users are multiplexed at the RX end. Extending the
length of FFT window at the RX end allows us to equalize the channel using
one CP [21], which is a good solution to increase the SE even with an absolute

OFDMA system. More details are represented in chapter III.

2.7 Signal Configuration

The frequency and time representations, for conventional NOMA scheme, are
shown in Fig. 2.3(a) and Fig. 2.3(c) respectively. Three different power signals
are multiplexed utilizing the same resources, where each signal constitutes one
OFDM symbol slot, then a CP is appended. Therefore, the SE is expected to
be doubled 3 times compared with OFDMA system without considering the CP

redundancy.



On the other hand, in proposed NOMA, one of the users (user-2) is assigned
narrower and less frequently subcarriers as illustrated in Fig. 2.3(b), which simply
multiplies the symbol duration by two as depicted in Fig. 2.3(d). Since the new
structure uses only 7' seconds out of a possible 27", the SE, defined as bps/Hz,
is halved for the wide subcarrier users. Meanwhile, as the total energy budget is
the same, the power used by wide subcarrier users is twice as before. As the SE
increases logarithmically with power, this increase does not compensate for the
.5 loss in the SE, thus, the overall SE improvement over OFDMA is greater than
1 but strictly less than 1.5.

As mentioned earlier, the subcarriers’ configuration in Fig. 2.3(b) can be
obtained if both symbols of user-1 and user-3 share the first half of user-2 symbol.
However, in Fig. 2.3(d), user-1 and user-3 are constructed orthogonally at the TX.
In this case, the subcarriers’ configuration of the proposed scheme is accomplished
at the RX end where the wide subcarrier users (user-1 and user-3) are multiplexed

by adopting an extended FFT operation.

In Fig. 2.3(d), user-3 symbol is multiplexed with the first half of user-2 symbol
and user-1 does the same with the second half. This can be seen from Fig. 2.3(b)
as well, where user-2 has a contribution from user-1 and user-3 at the peaks.
Note that, user-1 and user-3 are orthogonal with respect to each other at the
TX side. However, processing them together at the RX side, i.e., by using an
extended FFT window, makes them overlapping and therefore non-orthogonal.
As the basic NOMA concept based on multiplexing the users at the TX utilizing

the same resources, the proposed scheme can be considered as a half NOMA.

The key advantage of using larger FFT window size at RX is the capability
of equalizing the channel using one CP for the whole OFDM symbols and thus
increasing the SE. This property can be even used for a pure OFDMA system. For
example, in the absence of user-2 in Fig. 2.3(d), the system becomes an OFDMA
system. Then, if FF'T operation, with the length of two OFDM symbols, is
performed at the RX, the transmitted symbols are composed and one CP can
be used for equalization rather than two. In our case, the composed signals are

detected in power domain and user-2 is able to share the other users’ resources
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Figure 2.4: Two different user distribution scenarios.

without introducing any extra interference.

Note that, user-2 signal (narrow subcarriers) makes a zero crossing with the
other signals (wide subcarriers) at the peaks. This can be clearly concluded
from frequency domain representation. The same result is not obvious from time
domain representation. Later on, it is proven mathematically that, by adopting
an extended FFT window size at the RX end, the wide subcarrier users are
multiplexed although they are assigned different OFDM symbol slots at the TX

and the narrow subcarrier users do not affect their detection process.

2.8 Conventional NOMA Versus Proposed NOMA

To describe the features of our proposed scheme, two scenarios are considered.
The first scenario appears in Fig. 2.4(a) where three downlink users have dis-
tinctive channel conditions |h|, while the second scenario appears in Fig. 2.4(b),
where two users have similar channel conditions, i.e., two users at the cell edge

and one user is close to the base station (BS).

10



In the case of the users whose channel conditions are similar, like the second
scenario, either we assign similar power allocation (PA) to achieve the fairness,
therefore, SIC cannot work properly due to its inherent nature which depends on
power differences for separation, or we assign different PA which leads explicitly

to unfairness distribution.

2.8.1 Conventional NOMA (CN)

If users have distinctive |h| as represented in Fig. 2.4(a), under perfect channel
state information (CSI) assumption at the BS, achieving the fairness can be
ensured through a proper PA. Furthermore, degradation in the performance due
to the number of assigned users is expected. For instance, user-3 signal has to be
detected with the presence of user-2 and user-1 signals by considering them as a

noise, which degrades the BER performance.

In the second scenario, user-2 and user-3 experience the same channel effect.
Therefore, if the fairness is a system requirement, both users have to be assigned
similar PA. However, the nature work of SIC depends on the power differences to
facilitate the separation process. Thus, with similar PA, the internal interference

cannot be avoided and the performance can be extremely degraded.

2.8.2 Proposed NOMA (PN)

According to the first scenario, by assigning user-2 narrow subcarriers, we re-
duce the interference imposed on user-1 and user-3 signals. Thus, SIC process
becomes easier since it has to differentiate two signals rather than three based
on their power differences. Actually, the narrow subcarrier user is selected so
that the other users, i.e., wide subcarrier users, obtain more distinctive channel
conditions. Besides, the PA of user-2 is determined independently which grants

more flexibility for the system design.

11



This becomes very beneficial for the second scenario where achieving the fair-
ness is an issue. As mentioned before, user-2 and user-3 cannot be paired as they
have similar channel conditions. Nevertheless, if user-2 is assigned narrow subcar-
riers, user-3 and user-1 can be paired and a proper PA is determined. Naturally,

the PA of user-2 is not restricted by the other users.

2.9 Conventional NOMA System Model

Conventional multicarrier downlink NOMA system is formulated by considering I
downlink users around a BS as shown in Fig. 2.4. Users are distributed randomly
and served by one BS and the total bandwidth B;,; consists of a Ny, number of
orthogonal subcarriers in frequency domain. Transceivers are supposed to be

equipped with one antenna, [ users share Ny, OFDM subcarriers through SC.

The BS is transmitting the signal x;,, to the i-th user (i = {1,2,..,1}) on
the w-th subcarrier (w = {1,2,.., Ns.}) with transmission power P, ,, then, the

received signal by user i on subcarrier w is given by [22] as follows

1
Yiw = hi,w Z \/ Pu,wxu,w + Ziaws (21>
u=1

where z; ,, represents the additive white Gaussian noise (AWGN) for the i-th user
on subcarrier w with a zero mean and o7, variance, i.e., 2, ~ N(0,07,), and
hi . denotes the channel gain between the BS and the received user at the w-th
subcarrier including both effects of large and small scale fading. For large scale
fading, path loss and shadowing are considered. Block Rayleigh is considered for

small scale fading as well.

Without loss of generality, the channels are sorted as |hy ,|* > |how|? > ... >
|hiw|? > ... > |hrw]? > 0. Assuming a perfect CSI is available at the TX side, for
a given subcarrier, a user who enjoys a better downlink channel quality can decode
and remove the CCI from a user who has a worse downlink channel quality by
employing SIC [20], thus, user 7 enjoys a better channel quality than user (i +1).

At the i-th user, if SIC is carried out perfectly, then achieving the fairness follows

12



Shannon’s equation [23], where the achievable rate of the i-th user for By, Hz
system bandwidth at the RX side is given by

NSC

R; = B,. Z logy(1 + SINR,;,,), where

w=1
2.2
Pi,w hi,w|2 ) ( )

’hi,w’2 Z_zll Puw + ‘71;2,w

SINR;,, = (

Here SINR, ,, is the instantaneous signal-to-interference-plus-noise ratio by user
i on the w-th subcarrier and By, = Byt /N, is the subcarrier bandwidth. Note
that, if the strongest user, i.e., user-1, decodes and cancels all other users’ signals

successively, then, the achievable data rate is given by R; = B, >0 log,(1 +
Pl,w|h1,w|2/0%,w)~

2.10 Proposed NOMA Design Analysis

This section considers the design analysis of our proposed scheme. The mathe-
matical model of the proposed scheme is established. The time domain signal in
Fig. 2.3(d) is formulated. Then, it is shown that, by adopting FFT operation
with a length of two OFDM symbols at the RX side, the wide subcarrier users

are composed although they are orthogonally transmitted.

Generation of wide subcarrier signals can be done using an inverse fast Fourier
transform (IFFT) process with a length of NV samples. On the other hand, narrow
subcarrier signals can be also generated using IFFT process with a length of
M = QN samples, where () is the ratio between the two different SCSs or the
two different symbol lengths.

According to Fig. 2.3(b), user-1 and user-3 signals are generated using IFFT
with N points, while user-2 signal utilizing IFFT with M = 2N points. It is
worthy to mention that, to avoid direct interference with wide subcarriers we do
not use all of the narrow subcarriers for transmission. In our example, narrow-
odd subcarriers are used for user-2 data transmission while narrow-even ones are

filled with zeros using subcarrier mapping (SM).
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An OFDM transmission symbol, of wide subcarrier user, is given by the N

point complex modulation sequence

N-1

1 .
Xy, (N) = \/Pa lFFT(Xy,) = N\/Pi% Z Xwa(k).eﬂﬂnk/N’
k=0 (2.3)

for n=0,1,.,N—1 and a=0,1,., A

Where X, (k) is the complex modulated symbol of a-th user on k-th subcarrier,
i.e., A is the number wide subcarrier users, «, is the assigned PA factor to the a-
th user and Zle Pa, is the amount of power that is specified for wide subcarrier

users.

In a similar way, the OFDM transmission symbol, for narrow subcarrier user,

is given by the M point complex modulation sequence

N 1 M-—1 ~ '
anb(m) = PﬂbIFFT(Xb) = M\/Piﬁb Z Xb(l).€]2ﬂ-ml/M,
=0

(2.4)
for m=0,1,.M—1 and b=0,1,.., B.
X <l_1> l=Qk+1,(1=1,3,..M—1)
Xb(l) _ nry Q ) Y ) PR (2'5)
0, o.w.

Where X b(1) is the complex modulated symbol of b-th user on I-th subcarrier after
SM, i.e., B is the number narrow subcarrier users, 3, is the assigned PA factor
to the b-th user, >F_, PB, is the amount of power that is specified for narrow
subcarrier users, I = A + B is the total number of users, and the maximum
assigned power from the BS to all users is P = 32 | Pa, +>2 | PBy, i.e., B=0

represents the conventional NOMA scheme case.

The wide subcarrier signals (xy) are assigned different time slots to form one
block xx,, with a length of M samples. Thereafter, the narrow subcarrier signals
(xur) are added together forming another block xx,,, which is already with a length
of M samples. Finally, the resultant blocks are added synchronously to produce

one block s with a length of M samples for the transmission, this process can be

14



expressed as follows
S = XXy + XXpr, where,

(2.6)

XXw = [XW1’ "aXWA]M:ANa XXnr = Z Xnry, -

According to the proposed scheme in Fig. 2.3, A =2, B =1, M = 2N and

@ = 2. So (2.6) can be written as follows

XXw = [le 5 Xw2]2N7 XXnr = [anl]M:QN- (27)

By assuming m = n + ¢N, (2.4) can be represented in a block manner

N—
Xar(12 +gN) = Z F H(Qk +1).e2m(n+aN)(@Qk+1)/M

forn=0,1,...,. N—1 and ¢q=0,1,...,Q0 — 1.

(2.8)

Since ) = 2, the first half and second half of x,, signal can be represented by
setting ¢ to 0 and 1 respectively

1 N-1
Xur (1) =77 D0 /PP X (Qh 4 1) (QEFDAL, forqg=0
k=0
1 N-1
Xur(n + N) =27 VPB X (Qk + 1).72m(nEN@RL)/M i — (2.9)

0
Xpr(n + N) = —xpe(n), forn=0,1,..., N —1.

Thus, the second half of the signal x,,, is just a reversal copy of the first half in time
domain because of the odd subcarriers usage (see Appendix 5.1 for the derivation
details). Based on (2.9), the transmitted signal s in (2.6) can be expressed as
follows

X, (V) + X, (v), O<v < N-—1
PR EAORE0 210
XW2(U) - anl(v)7 N <v<2N - 17

where v represents the composed signal sample index (v = {0,1,.., M — 1}).

After composing the signals, to avoid inter-symbol interference and enable
frequency domain equalization (FDE) at the RX, a copy from the resultant tail is
appended as a CP where its duration has to be larger than the maximum excess

delay of the channel.
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At the RX end and after removing the CP, FFT operation, with a length of
M = 2N points, is performed as follows
M-1
S(c) = " s(v).e ™M for c=0,1,..,M — 1. (2.11)
v=0
Where S are the received complex symbols after FFT operation. Afterwards,
FDE takes the responsibility to get rid of channel’s sparsity where single tap
equalization is available. To compute the output on the even and odd subcarriers,
we assume that ¢ = Qk + ¢, then, (2.11) can be represented as

N-1
SIQK+0) = 3 (50s(0) 5 (0)) @V

v=0
2N—-1
> (xw (v) - xml@)) Jr—————

v=N

(2.12)

By setting ¢ = 0 and assuming z = v — N for the second part of (2.12), then, the

output on even subcarriers is proven to be
S(Qk) = \/Pay Xy, (k) + \/PasXy,(k), fork=0,...,N —1. (2.13)

Explicitly, (2.13) proves that, although X, and X, signals are constructed or-
thogonally at the TX, they are multiplexed by utilizing larger FF'T window at the
RX side (see Appendix 5.1 for the derivation details). In addition, (2.13) assures
the absence of narrow subcarriers contribution to wide subcarriers, thereafter,

SIC separates the wide subcarrier signals based on power differences.

Table 2.1: Simulation Parameters.

Parameter Name Value
No. of Wide Subcarriers (N) 64
No. of Narrow Subcarriers (M) 128
Modulation Type QPSK
Total System Bandwidth 5 MHz
Total Power 10 dBm
The First Scenario 20dB, 17dB, 0dB
|hiwl?/0?, fori=1,2,3
The Second Scenario 20dB, 0dB, 0dB,
|hiwl|®/0?, fori=1,2,3
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Figure 2.5: Transceiver design for proposed NOMA scheme adopting three down-
link users.

User-1 and user-3 signals are constructed again, then, the reconstructed signal
XX, is subtracted from the received signal s with a view to detect user-2 signal.
The transceiver block diagram is given in Fig. 2.5 for the proposed NOMA

scheme.

2.11 Performance Evaluation

In this section, we evaluate the performance of proposed NOMA scheme through

simulation. System parameters are presented in Table 2.1.

2.11.1 BER

The BER performance is supposed to be enhanced by performing proposed
NOMA due to many reasons. Mainly, wide subcarrier users experience less num-
ber of interferer users. Moreover, the interference imposed on narrow subcarrier
user can be eliminated by detecting and canceling wide subcarrier users and uti-
lizing the unused narrow subcarriers. Furthermore, the narrow subcarrier user
can enjoy any power level. Thus, the BER performance is enhanced significantly.
Note that, the SIN R values are considered at the RX side after FF'T process.
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The SIN R¢;,, values utilizing conventional NOMA scheme for user-1, user-2,
and user-3 on subcarrier w, with successful decoding and no error propagation

assumption, are given by

2 Oézplhzw‘Q
SINR‘y,, = a1Plhiw|” /07, | SINR 3, = ’ ,

|h27w|2a P+o2,
s (2.14)

P 2
SINRCs, :( 03Pl ) .

’h37w|2(a1 + CYQ)P + Og,w
The SINRP;,, values utilizing proposed NOMA scheme are expressed as follows
SINRP, :<041P|hl,w|2 /o—iw> ,SINRP,,, = (5lp|h2,w|2 /0§,w>,

2.15
(IQP‘h37w|2 ) ( )

SINRPs,, =
& (]h37w\2oz1P+a§’w

Using the same PA for both schemes, we can notice from (2.14) and (2.15) that the
first user experiences the same SIN R values, while a big enhancement, in SINR

values, is noticeable for the second and third user utilizing proposed NOMA.

2.11.2 Fairness Factor (F)

To evaluate the fairness level for conventional and proposed NOMA we define the
factor F' as in [24], where F' measures the equality of users’ rate R for a given

system and it is given by

F = (Zz’lzl Ri>2 (2.16)

I (R)Y
For instance, If all users get the same amount of R, then the value F' will be close
to 1.

The goal of PA mechanism is to maximize the sum capacity under a fairness
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mum PA for conventional and proposed mum PA for conventional and proposed
NOMA in the first scenario, F' = 0.7. NOMA in the second scenario, F' = 0.7.

Figure 2.6: BER performance utilizing conventional and proposed NOMA.

constraint for NOMA systems. The optimization problem is formulated as

I Nsc

max By Y Y log,(1+ SINR;,)

%P i=1w=1

I Nse

st: Y. Y Pu,<P (2.17)

=1 w=1
P, > 0,Vi,Vw
F=F,
where I is the target fairness index in the network. The PA coefficients (a, Bp)

are obtained through exhaustive search using algorithm 1 in [25].

According to the first scenario, the optimal PA coefficients utilizing conven-
tional NOMA and proposed NOMA schemes equal to [a;asas] =[0.01 0.15 0.84]
and [y o] =[0.08 0.36 0.56] respectively. On the other hand, based on the
second scenario, the optimal PA coefficients utilizing conventional NOMA and
proposed NOMA are found to be [ajasas] =[0.02 0.39 0.59] and [ Sacre] =[0.13
0.34 0.53] respectively.

Using the optimal PA coefficients, the BER performance is evaluated. The
normalized channel gains (|h;w|*/07,,) are set as in Table 2.1 and the fairness
index F is assumed to be 0.7. The individual BER for the first and the second
scenarios are shown in Fig. 2.6(a) and Fig. 2.6(b) respectively. Depending on the
optimal PAs obtained for the second scenario, the fairness level, of conventional

and proposed NOMA schemes, is evaluated as depicted in Fig. 2.7. The results
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Figure 2.7: Fairness level of conventional and proposed NOMA utilizing the op-
timum PA for the second scenario.

show clear dominance of proposed NOMA over conventional NOMA in terms of
BER and fairness level.

2.11.3 Spectral Efficiency (SE)

The spectral efficiency 1; = R;/ By represents the amount of the carried data
over the available resources. In [26], it is proven that the conventional NOMA

schemes can offer a better SE than OMA.

In conventional NOMA, the SE is expected to enhance dramatically since three
users utilize the available resources, i.e., time and frequency units. Unfortunately,
this comes at a price of unguaranteed QoS and loss of fairness. On the other
hand, although proposed NOMA offers less SE than conventional NOMA due to
additional time unit usage, i.e., two-time slots, it still provides superior SE than
OMA. In particular, the superior SE in proposed NOMA arises from the capability
of the narrow subcarrier user to share the available resources in addition to CP

reduction between OFDM symbols.

The first scenario in Fig. 2.4(a) is considered in the evaluation of the average
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SE for OMA, conventional NOMA, and proposed NOMA. For OMA, the band-
width By, and the total power P are split equally between the assigned users.
The SE performance is illustrated in Fig. 2.8. It is obvious that the SE of pro-

7r , ,
[ |l-» CNL(U,,0,=.01),(U,.1,=.15),(U,,,=.84)
61|-+ PN,(U,.0,=.08),(U,,6,=.36),(U,0,=.56) ]
5[+ OMA, P =P =P, PP Sl b
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Figure 2.8: Average SE adopting conventional NOMA, proposed NOMA and
OMA using the optimum PA for the first scenario.

posed NOMA is decreased compared to conventional NOMA, however, it is still
more spectrally efficient than OMA.

2.12 Conclusion

In this work, some of the NOMA-OFDM system based problems have been ad-
dressed by employing NR concept cleverly. More DoF is given to one of the
composed users by assigning narrower subcarriers. Based on this DoF, the con-
straints associated with the conventional NOMA schemes have been reduced and
the BER performance has been improved too. Furthermore, the proposed method
has proven its superiority in affording a fairer rate allocation to the users com-

pared to conventional method.

A new methodology of multiplexing the users, in power domain, has been

implemented by adopting a larger FFT window at the RX end. As a result,
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the guard durations between OFDM symbols became unnecessary. Thus, our

proposed scheme is more spectrally efficient than OMA schemes.
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Chapter 3

Common Cyclic Prefix for

Numerology-5G Frame Structure

Designing a waveform for wireless networks has multiple aspects that need to be
taken into consideration [27]. Especially, when the emerging applications and

various use cases for the 5G and beyond are considered [28].

3.1 Numerology for 5G Frame Structure

In 3GPP discussions, it has been highlighted on NR concept [29]. OFDM with
different parameters is proposed as a solution to cope with 5G requirements [18].
Multiple CP and SCS families have been defined for NR concept to support the
large variety of use cases [19]. For example, in order to decrease the sensitivity

to CFO or phase noise, large SCSs can be used [30].

Fig. 3.1 illustrates an example of the proposed frame structure for 5G net-
works. Different SCSs are proposed to support different use cases. For instance,
at high frequency bands, e.g., millimeter wave (mmWave), the degree of frequency

shift by moving the TX or RX gets higher. To tolerate this kind of frequency
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Figure 3.1: 5G-NR frame structure.

drift, the use of wider SCS becomes necessary [31]. There is another reason for
wider SCS in mmWave, in implementation of beamforming, controlling the phase
of the signal is critical and it is difficult to control the phase of the signal with
narrow SCS [32].

3.2 Problem Description

As discussed earlier, it is preferred to use large SCSs for some specific scenar-
ios. As a result, short OFDM symbols are obtained, i.e., due to the inverse
relationship between frequency and time domains. Unfortunately, this comes at
the expense of increasing the CP overhead. To push the efficiency, ultra short
CPs are introduced. However, the shorted CP may not exceed the maximum
excess delay of the channel which degrades the equalization performance due to
the inter-symbol interference. This problem is exaggerated especially for large
delay spread channels where long CPs are required. Note that, the CP overhead
is defined as the CP length over the OFDM symbol length [33].
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Assuming that a system is designed to tolerate 0.06 of the CP overhead, then,
short CPs have to be introduced as depicted in Table 3.1. However, for doubly
dispersive channels, the shortened CP may not be enough to compensate the max-

imum excess delay of the channel which degrades the equalization performance.

Table 3.1: CP and OFDM symbol durations subject to 0.06 overhead

SCS [kHz] | OFDM symbol [ps] | CP [us]| | Overhead
15 66.67 4 0.06
30 33.33 1.99 0.06
60 16.67 1 0.06
120 8.33 499 0.06

3.3 State of Art

Note that, a common CP idea is proposed in [21] and [34] for different purposes.

Also, the authors have relied on complex procedures for the detection.

3.4 Proposed Solution

We propose a novel frame structure design for 5G systems. A common CP is
appended for multiple OFDM symbols at the TX side as depicted in Fig. 3.1.
By doing so, the CP overhead is reduced. Thus, long CPs can be utilized even
while adopting large SCSs. In other words, utilizing large SCSs becomes more

applicable.

At the RX end, an enlarged FFT operation, with a length equals to the CP-
removed signal, is adopted. Therefore, the FDE takes the responsibility to get

rid of the channel effect where single tap equalization is available.
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It is shown in chapter II that, the orthogonally transmitted symbols are con-
structively multiplexed if a larger FFT window size is adopted on the RX side.

Based on that result, two approaches are adopted for the users’ detection.

e The transmitted symbols are assigned different power levels before being
multiplexed at the RX. Then, separation is done depending on power dif-
ferences by utilizing SIC as a MUD technique.

e The received signal is passed through another phase. In the first phase, the
CP-removed signal is undergone by the enlarged FFT operation which yields
to multiplex the transmitted symbols. In the second phase, the CP-removed
signal is multiplied by a diagonal matrix before implementing the extended
FFT operation. The purpose of the matrix is to change the polarity of
each individual symbol in order to have a specific version of the summed

symbols. Finally, the phases’ outputs are used for the detection.

3.5 Design Analysis

The @ OFDM symbols are generated using IFFT operation at the TX side. Each
g-th OFDM transmission symbol is given by the N point complex modulation

sequence

Xq|n| = = iN_l I3 k/N
aln] = IFFT(X,[k], N) = - ;:%Xq[k]- : (3.)

forn=0,1,... N—1,and ¢g=0,1,....,Q — 1.

X, [k] represents the complex modulated symbol on k-th subcarrier of the g¢-th
OFDM symbol. The generated symbols are arranged sequentially to form one
block with a length of M = QN. Then, a CP is appended to the whole block
before transmission where the CP length Ngp should be greater than the max-
imum excess delay of the channel. Here, assuming a multipath channel with L
symbol-spaced paths, the CP length is set as Nop > L. Fig. 3.2 shows the TX

structure where two OFDM symbols are used as an example.
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Figure 3.2: Transmitter design where ) = 2.

The (QN + N¢p)-dimensional transmitted signal vector is given by
% =[xq 1(N = Nop + 1), ., %q 1 (N — 1), %0(0), ...,

. (3.2)
xo(N = 1),..., xq-1(0), ..., xq_1 (N = 1)] .

We assume that the channel response does not change much during the symbols
plus guard interval duration. The ()N-dimensional received signal vector after

CP removal is given by

he O - 0 hp - M
hy hy - 0 :
o by
r=|p, . o 0|s+w, (33)
0 hy
0 - 0 Ry hi o]

where the size of the circulant channel matrix h is [QN, QN]. The CP-removed
signal s and the AWGN vector w are with the size of [QN, 1].

Then, an FFT operation with the length of M = N, i.e., the same length of
the CP-removed signal, is performed. Thus, (3.3) becomes
R=FFT(r,QN)=HS +W where,

(3.4)
H = FFT(h,QN),W = FFT(w,QN),S = FFT(s,QN).
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Assuming that the channel transfer function is known from channel estimation,
channel sparsity can be compensated with (3.4) using a single-tap FDE as follows

RIPE — If; =S4+ WIPE, (3.5)

The demodulation of each OFDM symbol can be done by converting back the
frequency domain equalized signal into the time domain using an IFFT operation
with the length of QN followed by () FFT operations with the length of N for
each [21]. However, this comes at the expense of increasing the computational

complexity.

If the channel is perfectly equalized and no noise is introduced, then, (3.5) can

be expressed as

RfPP =S = FFT(s,QN) =

M-1 , (3.6)
Sle] = FET(s[v], M) = Y sfol.e 72 M - fore=0,1,..., M —1,

v=0

where the CP-removed signal is written as

x(v), O0<v<N-—-1

xqo1(v),M —N+1<v<M-1

By letting ¢ = Qk + ¢, (3.6) can be shown in an interleaved manner as

N-1 2N-1
S[Qk +q] = Z Xo(v).e*ﬂ””(Qkﬂ)/QN + Z Xl(v).e*ﬂm(Qkﬂ)/QN + ..+
v=0 v=N

QN-1
S xqui(v).e PERM/QN T o | = 0,1,...,N — 1,andq = 0,1,...,Q — 1.
v=QN—-N

(3.8)

Setting ¢ = 0 gives the output on Qk = 0,Q,20Q, ..., Q(N — 1) subcarriers

S[QK] = Xo[k] + Xu[k] + ... + Xg_1[k], fork=01,...N—1. (3.9)
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Figure 3.3: Receiver design adopting the first approach where ) = 2.

Clearly, (3.9) indicates that the orthogonally transmitted OFDM symbols are
multiplexed on Qk subcarriers by adopting an extended FFT operation at the
RX side. Note that, such the result is proven in chapter II without considering

the formation of the channel.

3.6 Detection Approaches

Based on (3.9), two approaches are adopted for the detection.

3.6.1 First Approach

By assigning the transmitted symbols different power factors, i.e., ap,...,g-1,
detection is performed in the power domain using SIC as a MUD technique. Note
that, we do not call this approach NOMA since the symbols are composed at the
RX due to the enlarged size of FFT process, while in NOMA, the symbols are
composed intentionally at the TX [12]. The RX design using the first approach
is depicted in Fig. 3.3 where two OFDM symbols (@ = 2) are considered as an

example.
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3.6.2 Second Approach

In the first approach and after FDE, the resultant vector, with a length of M
samples, is downsampled to obtain the multiplexed symbols on Qk subcarriers
for the detection. The main idea behind the second approach is to exploit the
output on the other subcarriers for the detection, i.e., rather than QQk subcarriers.
The second approach is studied for the case where one CP is used for every two

symbols (@ = 2). Thus, as shown in (3.9), the output of Qk subcarriers is
S[2k] = Xo[k] + Xy[k] fork=0,1,..,N —1. (3.10)

And according to (3.8), the output on [@Qk + 1] subcarriers is equal to

N-1
S2k +1] = (Y (w0(v).e 7™M — 2y (v + N).e 2N eImN) (301

v=0

In the above equation, if the last term (e™7™/%) is forced to be one, the
transmitted symbols are subtracted rather than added (see Appendix 5.1
for the derivation details). In order to compensate the terms (e 7™/ =
e ImON e=imI/N - e=in(N=D/N) " their conjugates are multiplied by the samples
of each individual OFDM symbol of the CP-removed signal.

The term (e=7™/N) is analogous to the CFO formula. Indeed, an intentional
offset is created in order to change the polarity of the symbols. Therefore, the
symbols are subtracted rather than multiplexed due to the extended FFT oper-
ation. Thus, two versions of the received data can be obtained, i.e., the summed
and subtracted versions. Based on that, the transmitted symbols (Xo[k] and
X;[k]) can be easily detected.

According to the second approach, the CP-removed signal, with the length of
2N, is multiplied by a diagonal matrix a as follows
t =a(hs+w), where a=diag(e™™/N e tImN=1)/N o +jm0/N " e+j”(N_1)/N).
(3.12)
Matrix a is defined as 2N x 2N matrix. Thereafter, FF'T operation with 2N
length is applied
R = FFT(f,2N)=HS + W. (3.13)
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Note that, the matrix a is similar to the CFO matrix. This matrix can degrade
the performance of FDE since the cyclicity of the channel matrix is lost [35].
Thus, H and W represent the frequency response of the channel and the noise

respectively including the effect of matrix a. The length of FF'T here is 2N points.

The equalized signal can be obtained as follows

RFDE — E — S + WFDE) (314)

in this context, S represents the subtracted version of the transmitted symbols
including residual components due to the degradation in FDE performance. If

this degradation is ignored, i.e., H= H, and no noise is introduced then
RPPE — FFT(as,2N) =
(3.15)
S[2k + 1] = Xplk] — X4[k] fork=0,1,..,N — 1.

The vector representations of (3.10) and (3.15) are given by C1 and C2 respec-
tively

C1 :{(XO(O) + X1(0)), (Xo(1) + Xy (1))..., Xo(N — 1) + X (N — 1))]".
C2 =[(Xo(0) — X1(0)), (Xo(1) = X1(1)).rry (Xo(N = 1) = Xy (N = D))"
Clearly, Both C1 and C2 can be used for the detection process. The detected

(3.16)

symbols X, and X; are given in the vector form as
N 1 - 1

The transceiver design utilizing the second approach is depicted in Fig. 3.4.

It is worthy to mention that, the degradation in FDE performance in the
second approach can be ignored if it is relatively small. As the FDE is perfectly
applicable in the first phase of the second approach, the degradation of FDE, due

to the second phase, is halved. Thus, it is relatively small.

3.7 Performance Evaluation

In 3GPP discussions [19], the CP overhead is calculated during one sub-frame as

the ratio between the time that is spent on the CP and the OFDM symbol. For
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Figure 3.4: Receiver design adopting the second approach where () = 2.

5G-NR frame structure, multiple SCS are adopted. According to Fig. 3.1, for the
case where the SCS = 15kHz and the CP length is set to be 10 s, then, the CP
overhead is 0.15. On the other hand, for the case where the SCS = 30kHz has
to be used, and assuming that the channel shows large delay so the CP cannot
be shortened, then, the CP overhead will be 0.3. In the proposed scheme, one
CP can be utilized for two OFDM symbols which creates 0.15 as CP overhead.
Thus, adopting larger SCSs becomes more applicable.

The SE performance is evaluated during one sub-frame as depicted in Fig. 3.5.
The 4-QAM modulation is used in this simulation in addition to the aforemen-
tioned parameters of the previous example. Due to the first approach, the SIC
decodes the high power signal by considering the low power signals as a noise
which degrades the SE performance at low SNR values. However, the optimal
SE is achievable at high SNR values. The @ = 2 and @@ = 3 (one CP every
3 OFDM symbols) cases are considered in the simulation. The PAs are set as
(y = .T,a9 = .3) and (a1 = 6,2 = 3,3 = .1) for Q = 2 and Q) = 3 cases

respectively.
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Figure 3.5: The SE performance over multipath channel, SCS = 15kHz.

The SE performance utilizing the second approach is higher than the conven-
tional structure case for all SNR values. However, due to the imperfection of
FDE, it is slightly smaller than the first approach situation at high SNR. The

() = 2 case is considered in the simulation utilizing the second approach.

The symbol error rates (SER) utilizing the proposed approaches are also sim-
ulated. The gain in SE is exploited to reduce the effect of CFO by enlarging the
SCS. The CFO is set to .03 and the SER is evaluated as represented in Fig. 3.6.

The SE can be increased further depending on () value. Based on the first
approach, the SIC has to separate () signals depending on the power differences.
In the second approach, ) phases are needed. In each phase, the symbols are
adjusted to get a specific form, then, the outputs of the phases are used to obtain

the transmitted symbols.
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Figure 3.6: The SER performance over multipath channel where the normalized
CFO = .03.

3.8 Conclusion

In this chapter, a common CP idea is proposed for the NR-5G frame structure. A
single CP is appended to multiple OFDM symbols. So, the overhead associated
with the frequent usage of the CP is reduced. As a result, longer CP can be
used which makes the signal more tolerable to fading channel. Such the design is

beneficial when large SCSs or short OFDM symbols are needed.

It is shown mathematically that, the orthogonally transmitted symbols are
multiplexed due to the enlarged FFT window at the RX side. Based on that, two

approaches are adopted for the detection.

34



Chapter 4

Future Work

In this thesis, two major contributions are made to cope with the 5G require-
ments. In chapter II, the NR concept is adopted in order to address the common
problems associated with conventional NOMA schemes. One user is assigned nar-
row subcarriers which grants more flexibility to SIC process and power assigning.
The proposed scheme proves its superiority not only in terms of lower BER rates

but also advantageous for achieving better fairness to the whole system.

One of the attractive topics, which has to be considered in the future, is the
effect of imperfect CSI at the TX side adopting the proposed NOMA scheme.
Here, the resource allocation has relied on the assumption of perfect CSI at TX
which is difficult to obtain in practice. In contrast to the case of perfect CSI,
the capacity gain is supposed to be reduced in conventional NOMA systems as

shown in many works due to

e The channels have to be estimated in advance by feeding back the BS
from each receiving terminal. Clearly, this process burdens the system and

increases the probability of error.

e The nature work of SIC depends on decoding the signals successively. Thus,

due to the imperfect CSI, error propagation is created.
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One of the good points about the proposed NOMA scheme is the independence of
narrow subcarriers user from the successive decoding process. Such the user can
be chosen to reduce the effect of imperfect CSI. Note that, the channel of narrow
subcarriers user has not to be estimated in necessary. Therefore, we think that
the proposed scheme provides better performance in terms of the sensitivity to
CSI.

In this works, two kinds of SCSs are utilized together. We think that more
NRs can peacefully coexist and a novel transceiver design may be founded. The
importance of this work is emerging from the necessity of utilizing different NRs
for different use cases which is a key requirement for 5G networks. Such the ideas

are going to be considered in the future.

In chapter I1I, a novel transceiver design is established. Such the design aims to
reduce the required CPs in OFDM systems and thus increasing the SE. Based on
that, the usage of large SCSs can be adopted without introducing any overhead.
It is proven mathematically that, the orthogonally OFDM-transmitted symbols
are constructively multiplexed if larger FFT window size is applied at the RX
end. Two detection approaches are established based on this result. Therefore,

one CP can be appended multiple OFDM symbols.

A common CP idea can be further exploited. In this work, a single CP is
utilized for the same NR. We think that a common CP can be used for different
NRsrather than a single one. Such the idea can be adopted for the frame structure

of 5G and beyond. This study will be considered in the future as well.
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Chapter 5

Appendix

5.1 Appendix A: Detailed Derivations of Math-

matical Equations

Here we will give the detailed derivation of (2.9), (2.13) and (3.11).

For the case where ) =2 and M = QN, (2.8) can be written as

an

\/ (@ + 1) P QDM for g = 0.
k=0

N-1
an<n+ N = Z / nr Qk +1 ej27r(n+N)(Qk+1)/M _ an(n)'e(jQTrN(Qk+l)/QN)

Hi\

i

Xpe(n 4+ N) = xp(n).e’" = —x(n), forq=1,andn=0,..,N — 1.
(5.1)

Such the result represents the fact that the first half of the signal x,, is a reversal

copy of the second half in time domain due to the odd subcarriers usage.

For the case where ¢ = 0 in (2.12), the output on Qk subcarriers can be
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obtained

N-1 ON-1
S(Qk) = Z (le —i—xml(v)).ej%”(Qk)/QN + Z <XW2(U) — Xury (v)).ejzm(@k)/QN.
v=0 v=N

(5.2)

Letting z = v — N for the second part of (5.2) yields to

N-1 N-1
S(Qk) = 3. (xm ) + X, (v )) e 2N 4y (xm 2+ N) - anl(z+N)>.e_j2”(z+N)k/N

v=0 z=0
N-1 ' N |
= (le (U) + anl(U)> e J2mvk/N + Z (XW2 (Z + N) o anl(Z + N)) e I2mzk/N
p=0 z=0
N-1

(le (v) +XW2(v)>.ej2””k/N =/ Pay Xy, (k) + \/ PasXy, (k).
0

v

(5.3)

Such the result represents the fact that the orthogonally transmitted symbols are
multiplexed due to the enlarged FFT window.

Based on (3.8), for Q@ =2 and ¢ = 1 we get

2N—-1

=

S[2k + 1] = X0<U)'€fjﬂv(2k+1)/N + Z Xl(v).efjfrv(QkJrl)/N
v=0 v=N
N-1 ' ' IN—1 ' ' (54)
S[Qk’ + 1] = X0<’l}).€_]2ﬂ-vk/N_€_]7w/N + Z X]-(v)'e—]zﬂ'vk/N.e—jﬂ"U/N
v=0 v=N

Letting z = v — N for the second part of (5.4) yields to

N-1 N-1
S[2k + 1] = xo(v e*jZm;k/N_e*jfrv/N + Z Xl(v)‘67j27r(z+N)k/N'efjﬂ(erN)/N
v=0 2=0
N-1 A ‘ B | |
S[2k + 1] = Xo(v)'e—JZTrvk/N'e—jwv/N + Z Xl(U).6—j27rzk/N.6—J7rz/N‘€_]
v=0 2=0
N-1 ' '
S2k +1] = 3 (x0(v) = x1(v)).e PN eI,
v=0

(5.5)
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