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ABSTRACT

A NOVEL RECEIVER ARCHITECTURE FOR SINGLE CARRIER NOMA
TRANSMISSION IN WIDEBAND SPARSE MIMO CHANNEL

Halil, Burak
M.S., Department of Electrical and Electronics Engineering

Supervisor: Assist. Prof. Dr. Gokhan Muzaffer Giivensen

DECEMBER 2019, 61 pages

In contemporary wireless communication systems, it became necessary to provide
better solutions than current communication standards because of the increasing de-
mand for massive connectivity and throughput. Non-Orthogonal Multiple Access
(NOMA) has become one of the promising candidates for fifth generation (5G) com-
munication networks. In this thesis, Sparse Code Multiple Access (SCMA) is utilized
as a single carrier NOMA technique. SCMA is a transmission protocol, in which mul-
tiple users shares same time slot simultaneously. Although for 5G networks, NOMA
brings many advantages such as spectral efficiency, on the other hand it demands more
complex receiver designs since users share same time-slot simultaneously unlike the
current systems. In order to overcome this problem, a factor-graph based novel re-
ceiver architecture is proposed. In this thesis, firstly single tap channel is analyzed
in multiuser scenario and performance of the factor-graph based receiver architecture
is analyzed. Secondly, MIMO is utilized for multi-tap channel scenario. In mas-
sive MIMO case, different parts of receiver antennas can be allocated for different

groups. Every group consists of users with spatially correlated multi-tap channels.



Thus, receiver massive antenna array block can serve more than one group simulta-
neously. In this thesis, performance of a single group is analyzed. Several antenna
inputs are combined together and used as a single input of a factor-graph based mes-
sage passing algorithm (MPA). Also for each user’s data prediction, received signal
is passed through matched filter of that user. In the proposed receiver design, output
of the factor graph is processed in order to predict possible “inter symbol interference
(ISI)” from other symbols and “inter chip interference (ICI)” from other time slots of
the same symbol. Therefore, the lost sparsity is recovered with the help of proposed
processing. The system performance is analyzed for various channels with differ-
ent number of taps, antennas, constellation points, angular spread (AS) and different

levels of noise figure.

Keywords: Non-Orthogonal Multiple Access (NOMA), Sparse Code Multiple Access
(SCMA) , Factor Graph, MIMO, 5G
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0z

TEK TASIYICILI DIKGEN OLMAYAN COKLU ERISIM ILETIMINDE,
GENISBANT SEYREK COK GIRISLI COK CIKISLI KANAL iCIN OZGUN
BIiR ALICI YAPISI

Halil, Burak
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Boliimii

Tez Yoneticisi: Dr. Ogr. Uyesi. Gokhan Muzaffer Giivensen

Aralik 2019 , 61 sayfa

Giincel kablosuz haberlesme sistemlerinde, daha yiiksek hiz gerektiren ve cok yiik-
sek kullanic1 sayili aglarda da hizmet verebilmek amaciyla giiniimiizde kullanilan
sistemlerden daha iyi ¢coziimler iiretilme ihtiyaci dogmustur. Diksel Olmayan Coklu
Erisim (DOCE) 5.Nesil (5G) haberlesme sistemleri i¢in gelecek vaat eden secenek-
lerden biri olarak ortaya cikti. Bu tezde, Ayrik Kodlu Coklu Erisim (AKCE) tek ta-
styicili bir DOCE yontemi olarak kullanildi. AKCE birden ¢ok kullanicinin ayni ta-
styic1 lizerinde ayni zaman parcacigini ortak kullandigi bir sistemdir. DOCE her ne
kadar 5G sistemler icin daha iyi sistem performansi ve spektral verimlilik gibi avan-
tajlar getirse de diger taraftan ¢cok daha karmasgik bir alic1 yapist gerektirmektedir. Bu
problemi ¢6zmek amaciyla faktor grafigi temelli 6zgiin bir alic1 yapisi tasarlands. i1k
olarak, tek sekmeli kanalda tek alict anteni ile basarili 6l¢iim yapildi. Sonrasinda ¢ok
sekmeli kanalli sistemlerin basaris1 Cok Girisli Cok Cikish (CGCC) yapidan da ya-
rarlanilarak ol¢iildii. Bu senaryoda incelenen grubu, kanallar1 uzaysal olarak iligkili

olan kullanicilar olusturmaktadir. Masif CGCC’li yapilarda antenin farkli bolgeleri
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farkli gruplarin kullanimina ayrilarak, birden fazla gruba ayni anda servis saglayabi-
lir. Bu tezde bir NOMA grubunun basarisi incelendi. Her grupta bir kullanicin gonde-
rimini tahmin etmek amaciyla, o gruba ayrilmis antenlerin ¢ikislar1 birlikte kullanila-
rak alinan sinyal o grubu olusturan kullanicilarin karsit filtresinden gecirildi ve herbir
kullanicinin faktor grafiginde tek bir girdi olarak kullamldi. Onerilen alic1 yapisinda
ayrica yan sembol karisimlar1 ve sembol i¢i karisimlart yok edebilmek amaciyla fak-
tor grafigi cikislar tekrar analiz ederek olasi karisimlar alinan sinyalden ilerlemeli bir
sekilde ¢ikarildi. Boylece, kaybedilen ayriklik onerilen yontem ile geri kazanildi. Bu
caligma; farkli sekme sayilari, farkli alic1 anten sayilari, sembol basi gonderilen bit

sayis1, acgisal yayilma ve farkli giiriiltii seviyeleri icin test edildi.

Anahtar Kelimeler: Dik Olmayan Coklu Erisim (DOCE), Seyrek Kodlu Coklu Erigim
(AKCE), Faktor Grafigi, CGCC, 5G
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CHAPTER 1

INTRODUCTION

1.1 Literature and Background Information

1.1.1 Conventional Multiple Access Schemes

Development in wireless communication network systems continues very rapidly.
From first generation communication networks to current and future communication
networks different modulation schemes are used. Although, currently used modu-
lation schemes are considered as good solutions for requirements of the networks,
in a few years these schemes will remain incapable of answering the demands of
the network requirements. On the other hand, thanks to the technological develop-
ment, computational capabilities of the systems are also developed so more complex
schemes become possible to handle. Modern schemes are enhanced as multiple ac-
cess schemes because networks should provide service for multiple users simultane-
ously in contemporary communication networks. Because of the rapid development
in technology and exponentially increasing number of devices in a network, there is
need for a scheme with better performance in terms of throughput, massive connec-
tivity, reliability, complexity and stability. Therefore, researchers are trying to find a
alternative schemes in order to provide better service for the users by using resources
they have such as time, frequency. In first generation (1G) frequency division multiple
access (FDMA), in second generation (2G) time division multiple access (TDMA),
in third generation (3G) code division multiple access (CDMA) and in fourth gener-
ation (4G) orthogonal frequency division multiple access (OFDMA) is used. In all
of these modulation schemes, different users utilize different orthogonal resources in

time, frequency or code domain therefore in receiver they are separated easier. How-



ever, as it is mentioned, demand from communication networks is increasing rapidly
nowadays and resources are limited so that networks cannot provide orthogonality for

each user so there is a necessity for a better scheme.

1.1.2 Non-Orthogonal Multiple Access (NOMA)

A promising technology, non-orthogonal multiple accesses (NOMA) can address
some of the challenges encountered in conventional modulation schemes. As opposed
to the conventional orthogonal multiple access technologies, NOMA can accommo-
date much more users via non-orthogonal resource allocation. Therefore, NOMA
systems become a very hot topic for researchers who are working in communication
field. However, NOMA brings some disadvantages such as it increases complexity
of decoder in receiver which is the biggest disadvantage of NOMA techniques, es-
pecially when the number of users is very high. On the contrary, it provides higher
capacity and throughput so it is regarded as one of the strongest candidate for 5G and
future communication network schemes [1]. There are several NOMA schemes such
as Power Domain NOMA and Code Domain NOMA. In this section these schemes

will be introduced.

1.1.2.1 Power Domain NOMA

In ordinary NOMA systems, multiple users can share same resource element which
can be time slot, frequency carrier or spreading code. However in power domain
NOMA, users are separated in power domain such that different power levels are al-
located for different users. The main idea behind the Power-Domain NOMA can be
explained with a scenario that includes two users. The system initially compares the
channel qualities of the users, then it allocates more power to the user with worse
channel condition (eg. user 1) and less power for the user with better channel con-
dition (eg. user 2) [2]. In order to decode the received signal User 1 treats user 2’s
transmitted signal as a noise and processes received signal directly. On the other
hand, user 2 initially performs a Successive Interference Cancellation (SIC) such that

it decodes user 1’s message, then as a result of this cancellation it eliminates the mes-
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sage transmitted from user 1. Finally it processes the remaining signal to decode the

message as it can be seen from Figure 1.1 [3].

PowerLl

Freq.

Y
o -
LIEA U 2

High Low
) Received SINR

BS

Figure 1.1: Visualization of Power Domain NOMA

1.1.2.2 Code Domain NOMA

Sparse Code Multiple Access (SCMA)

Sparse Code Multiple Access (SCMA) is another non-orthogonal multiple access
method in which the information of the users are transmitted over the commonly
shared resource elements such as time slot and frequency subcarrier [33]. However,
the number of resource elements occupied for the single user is smaller than the total
number of resource elements in the system. Therefore, there exist an overload in the
system so multiple users transmit their symbols over same resource element. SCMA
is an improved scheme based on Low Density Signature-Orthogonal Frequency Divi-
sion Multiplexing (LDS-OFDM) that exploits sparse spreading sequences to realize
overloading. Unlike LDS-OFDM, bit-to-constellation mapping and spreading with
low-density signatures are combined together in SCMA. Particularly, different users’
codewords are taken from different codebooks, which are generated by multidimen-
sional constellation [4]. Sparse nature of the codebooks makes it easier to separate
users signals in the receiver side. It also ensures that the number of users utilizing the
same subcarrier is not too large, such that the system complexity remains manageable.
Multi-dimensional codewords which are assigned to each user are sparse, therefore,

in the receiver part a low-complexity message-passing algorithm (MPA) with factor
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graph can decode each users’ message even though they send their messages with
same resource element [5]. Generally, in SCMA structures resource elements cor-
respond to frequency subcarrier because NOMA schemes usually developed as an
alternative to OFDM schemes in which orthogonal frequency subcarriers are utilized
to transfer the symbols. However, in some cases resource elements can be time slots

as it is utilized in this thesis.

Pattern Division Multiple Access (PDMA)

Pattern division multiple access (PDMA) is one of the novel NOMA schemes that can
be realized in multiple domains. At the transmitter side, PDMA uses non-orthogonal
user specific patterns which are designed to decrease the overlaps between the users’
transmitted signals and increase the diversity among the users. In PDMA, multiplex-
ing can be realized in code domain, power domain, space domain or their combina-
tions [6]. Multiplexing strategy in PDMA is very similar to SCMA however in PDMA
number of resource elements connected to the same user can be different. If multi-
plexing is realized in power domain, successive interference cancellation (SIC) can
be used at the receiver according to signal to noise ratio of the users which are trans-

mitting symbol. Also PDMA can utilize iterative MPA algorithm similar to SCMA.

Multiuser Shared Access (MUSA)

Multiuser Shared Access (MUSA) is one of the NOMA schemes which can is the
developed version of the CDMA. As opposed to the conventional CDMA, MUSA can
realize overloading by using low-correlation spreading sequences at the transmitter
[4]. In MUSA scheme transmitted symbols are multiplied by the spreading sequence
of the corresponding user. For a user, spreading sequence can be same for all symbols
or different spreading sequence can be utilized [4]. In MUSA, after spreading process,
symbols of different users are transmitted from same resource elements which are
time or frequency subcarrier. For example for multi carrier scenario a symbol is
transmitted during a time slot with several frequency subcarriers. Assuming that in
the system there are K users and N frequency subcarriers similar to SCMA there will
be an overload in the system if K is larger than N, so there will be interference of

several users over the same resource element. At the receiver side, the received signal

4



is processed by a SIC procedure to detect each user’s transmitted symbol [7].

1.1.3 Factor Graph (FG) Based Decoding via Sum-Product Algorithm (SPA)

Factor graph is a bipartite graph and it consists of two types of nodes which are fac-
tor nodes and variable nodes. Basically, factor graph represents the mathematical
relation between factor nodes and variable nodes. The function node (FN) repre-
sents the signal observed at the receiving end. The variable node (VN) denotes the
estimation of the signal transmitted by each user [8]. There is an edge between a
factor node and a variable node only if corresponding variable node is an argument
of this factor node. The edges in the factor graph are decided by the codebook de-
sign in the SCMA. In factor graph general message passing algorithm (MPA) which
is also called sum product algorithm (SPA) is used in order to update factor nodes
and variable nodes iteratively. Sum-product algorithm computes—either exactly or
approximately—various marginal functions derived from the global function. Sum-
product algorithm is utilized in lots of algorithms for years in different fields such as

artificial intelligence, signal processing and digital communication [9].

(b)

Figure 1.2: Visualization of Sum-Product Algorithm in Factor Graph

As the initial step, in factor graph, computation starts with the transmission of identity
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messages from a VN to a FN over the edges connecting them. Message in the edge ¢
which is from a VN to a FN can be calculated by the product of the messages over all
the edges which are connected to this VN except edge e. On the other hand in the fac-
tor node edge e can be calculated by calculating product of received messages from
its child variable nodes and then operate on the result with a ) _ (z;} SUM operation
where ) (w5} operation corresponds to the summation over all the variables except
x;. Visualization of this operations over arbitrary factor graph can be seen at Fig-
ure 1.2 where fa4, fB, fc, fp, fr corresponds to the factor nodes and x1, xs, 3, T4, 5
corresponds to the vector nodes. This process is repeated for a pre-determined iter-
ation times. Finally process for a variable node v; is terminated by the computation
of the g,, (v;) which is the product of the all the messages received in v;. In SCMA
number of FN is equal to number of resource elements and number of VN is equal to
the number of users in the system. Therefore g,, (v;) corresponds to the probabilities

of transmitted symbols from user i.

1.1.4 Multiple-Input and Multiple-Output (MIMO) Based Architectures

Multiple-Input and Multiple-Output (MIMO) is an architecture in which multiple an-
tennas are used in transmitter and receiver parts. Received signals in receiver an-
tennas are processed together in order to recover the transmitted signals. Although,
MIMO systems require enhanced hardware, signal processing complexity and higher
cost, using MIMO method brings lots of advantages in wireless communication sys-
tems [10]. Firstly, it increases the capacity of the communication network as well
as MIMO performance of the systems by exploiting multipath propagation. On the
other hand in MIMO systems higher throughput and lower BER can be achieved with
the help of multiple antennas. MIMO has become an essential element of wireless
communication standards including IEEE 802.11n (Wi-Fi), IEEE 802.11ac (Wi-Fi),
HSPA+ (3G), WiMAX (4G), and Long Term Evolution (4G LTE)[11].

In typical MIMO systems two or four antennas are used in receiver and transmitter
parts, however in massive MIMO systems number of antennas are much more than
the typical MIMO scenarios. Usage of more antennas brings several advantages to the

system such as systems become more resistant to jamming and interference. Besides,
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massive MIMO may increase the capacity of the channel and BER performance with-
out demanding more spectrum. In a rich scattering environment, the full advantages
of the massive MIMO system can be exploited using simple beamforming strategies
such as maximum ratio transmission (MRT), maximum ratio-combining (MRC) or
zero forcing (ZF)[12]. In order to benefit from these advantages Channel State Infor-

mation (CSI) should be known perfectly.

1.2 Motivation

Because of the dramatic developments in the technology especially in recent years,
technological devices became an integral part of individuals’ daily lives and as a re-
sult, data traffic of conventional devices are increased extremely. This development
aroused an increase in the number of devices in the networks, their data throughput
requirement from network. To illustrate, at the beginning of 2000s cellular phones
were only used for simple voice conversation, nowadays cellular phones are used for
video streaming, online games, social media etc. Considering that this trend will be
continue, it can be foreseen that, conventional multiple schemes seems to be inad-
equate to fulfill the expectation of future communication networks [13][1]. On the
other hand, NOMA techniques bring lots of advantages such as it improves spec-
tral efficiency because in NOMA users can share same orthogonal resource elements
which usually limits the performance of the networks. SCMA is a NOMA modulation
scheme and in this scheme more than one user share resource elements as an advan-
tage of NOMA. Moreover, due to the sparse nature of the codebooks, codebooks

which are assigned for each user can be separated in receiver.

In the most of the general researches, frequency subcarriers are used as the resource
element so conventional SCMA systems can be named as Multi Carrier SCMA. Main
reason behind this is SCMA is assumed as an alternative to OFDM and in OFDM
orthogonal frequencies are utilized. Although multi-carrier systems bring many ad-
vantages, especially in receiver part of the multicarrier systems there are some serious
challenges e.g., high peak-to-average-power ratio (PAPR) [14]. Because of this rea-
son, especially in massive MIMO systems, the use of single carrier (SC) which em-

ploys mm-wave bands, presenting sparsity both in angle and delay plane was studied
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in [15], [16], [17]. As a good alternative to conventional systems single carrier SCMA
is analyzed in this thesis. In this thesis a network which composes of several groups
of users is studied. Every group consists of users with spatially correlated channels
and proposed SCMA model analyses the performance of single group with six users
which have spatially correlated channels. In addition, a novel solution is proposed for
single carrier SCMA with multi-tap channel which provides an alternative system for

next generation network systems.

1.3 Contribution

In this thesis, as an alternative to multi-carrier transmission which is commonly fo-
cused in recent NOMA studies, equivalent system model for single carrier SCMA
transmission in dispersive MIMO channel is studied. Based on conventional model,
a novel receiver with frequency domain equalizer and message passing algorithm
(MPA) is proposed which operates on “A Bank of Factor Graph" with an iterative
decision feedback. The proposed algorithm has similar complexity with that of the
conventional ones used in SCMA framework. Contributions of this thesis to the liter-

ature are as follows:

e Instead of conventional multi carrier SCMA, single carrier SCMA system is

built.

e Not only single tap but also frequency selective channel models are employed
in SC transmission which is the most challenging part of SCMA because it

destructs the sparse nature of SCMA codebooks.

e MIMO architecture in which channels are spatially correlated and sparse both
in angle and delay domain is integrated in the system that is commonly used in

contemporary networks to increase performance of the system.
e Spatio-temporal processing is studied.

e A SC-Frequency domain Equalizer is used in order to provide initial predictions

to the system.



e An iterative decision feedback system architecture is designed with parallel
factor graphs which has similar complexity with conventional receivers and

use outputs of the bank of match filters.

e Sparsity that is lost is recovered with the help of proposed processing.

1.4 The Outline of the Thesis

In this thesis, Single-Carrier SCMA which is a NOMA modulation scheme is ana-
lyzed. In first section, background information is provided and motivation for this
thesis and the contribution of this thesis to the literature are given. In chapter two,
system model SC-SCMA which is utilized in this thesis is explained in order to de-
scribe the systems analyzed and help readers to visualize the system. In addition,
basic transmitter and receiver architectures are described. In chapter three, novel re-
ceiver architectures are given for single carrier SCMA which is the contribution of
this thesis to the literature. In this section mathematical calculations are also given
which are used in signal decoding in the receiver. In chapter four, Achievable In-
formation Rate (AIR) is introduced and its utilization in our design is explained. In
chapter five, results of the simulations are presented to indicate the success of novel
receiver scheme compared to the conventional NOMA receiver. Finally, in chapter

six, a conclusion is given about this thesis.

Notations used in thesis: In this thesis vectors are represented by bold and small
letters, matrices are reprecented by bold and capital letters. Transpose and inverse of
A matrix is denoted by AT and A~!. Conjugate operaration of a is represented by a*.
Convolution is denoted as * symbol. Cardinality of a set M is represented by | M | and

euclidian distance between x and y is denoted by ||z — y||.






CHAPTER 2

SYSTEM MODEL AND DESCRIPTION

2.1 System Model for Simple Single-Carrier Sparse Code Multiple Access (SC-
SCMA)

In this section, the uplink system model of SC-SCMA is described. In SCMA en-
coder information bit streams of each single users divided in log, (M) bits which
correspond to one NOMA symbol. For example k" symbol of u'* user can be ex-
pressed as: (") = iz b,ﬁ“} 2~ where b;f? corresponds " bit of symbol k for

user u. In SCMA encoder these symbols are mapped into N, dimensional codebook

c,g") and cardinality is ‘c,(c“)‘ =M.
N T
NOMA codeword: ¢\ = |:C§1(LZ) 0] c%) 1] .. c%) [N, — 1] (2.1)
k k k
where [ ,ﬁ“) €{1,2,3, .. , M} corresponds to k' symbol of user u. Each user has

different codebook map. Codebooks contain /<N, non zero elements and N.—.J zero
element where N, corresponds to number of resource elements (RE). This means that
each user uses only J RE. Each user’s active resource elements are different. This
sparse design principle reduces the collision of different users in same RE and re-
duces the decoding complexity. In this thesis, complex multi-dimensional codewords
are taken from the optimized codebook design study in [18],[19]. For 4 constellation
point, corresponding codewords for each user can be seen at table 2.1 and corre-
sponding block diagram can be seen at fig 2.1. In single-carrier SCMA each resource
element corresponds to a time slot so each symbol can be transmitted in V.. time slot.
Therefore total transmitted signal from user v which consist of 7' SCMA symbols can

be expressed as:
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User | Symbol | Time Slot 1 Time Slot 2 Time Slot 3 Time Slot 4
00 -0.635+0.461i1 | 0.139-0.175i1 0 0
= |01 0.181-0.131i 0.487-0.6151 0 0
% 10 -0.181+0.1311 | -0.487+0.6151 | O 0
11 0.635-0.461 -0.139+0.1751 | O 0
00 0.785 0 -0.181-0.131i | O
ol -0.224 0 -0.635-0.4611 | O
% 10 0.224 0 0.635+0.4611 | O
11 -0.785 0 0.181+0.131i | O
00 -0.005-0.224i | O 0 -0.635+0.461i
T ool -0.019-0.7841 | O 0 0.181-0.131i
%) 10 0.019+0.7841 | O 0 -0.18140.131i
11 0.005+0.224i | 0O 0 0.635-0.4611i
00 0 0.785 0.139-0.1751 0
T | o1 0 -0.224 0.487-0.6151 0
:q% 10 0 0.224 -0.487+0.6151 | O
11 0 -0.785 -0.139+0.1751 | O
00 0 -0.181-0.131i | 0O 0.785
‘ol ol 0 -0.635-0.4611 | O -0.224
% 10 0 0.635+0.4611 | O 0.224
11 0 0.181+0.131i | 0 -0.785
00 0 0 0.785 -0.005-0.2241
Y o1 0 0 -0.224 -0.019-0.784i
%) 10 0 0 0.224 0.019+0.7841i
11 0 0 -0.785 0.005+0.2241

Table 2.1: SCMA Codebook
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Time Slot 1 Time Slot 2 Time Slot 3 Time Slot 4

Symbol of Codebook of
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>
time

Figure 2.1: SCMA Transmitted Codewords Diagram

71
xy[n] = cﬁ(l)t) [n — kN.] (2.2)
k=0
Ne—1
where x,[n] is the transmitted sequence for u"" user and {c%) [n] is the cor-
k

responding discrete time NOMA waveform with the length N.. In Tﬁ:lgs thesis, our
system model is based on a network with 6 Users and users share 4 resource element.
For one symbol, each user transmits related signal in two resource elements, for cor-
responding symbol according to factor graph matrix F. An example for factor graph

matrix with 6 users and 4 resources elements is following:

1110
1001
0101

0010

_— = O O

where F; ; = 1 means that the 5" user can use the i*" subcarrier, and F; ; = 0 means
that this user cannot use the subcarrier £ ; = 1 means j' user can use " resource
element and F;; = 0 means ;" user cannot use ith resource element Therefore
during one resource element 3 user transmit active signal. In addition, because of the
fact that each user has different active resource elements group in receiver they can
be reconstructed by using factor graph. In this system, constellation points for each

user, which are transmitted in active resource elements of this user, are selected from

4 dimensional complex codewords of codebook. Therefore 4 dimensional codewords
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are sparse vector with 2 < 4 non-zero entries [20]. In single tap simple channel the

received signal in receiver can be expressed as:

r[n] = Z hyx,[n] + nin| (2.3)

where h,[n] is Rayleigh channel coefficients for user u, n[n] is the noise figure in the

channel.

2.2 Wideband Sparse Frequency Selective MIMO Channel Model for Single-

Carrier NOMA Transmission

In frequency selective MIMO channel model as opposed to the simple channel, chan-
nels between receiver and transmitter is multi-tap channel with L tap with ¢ active
taps. In receiver there are /V receiver antenna. Therefore the received signal can be

expressed as:

rin| = Z h,[n] * x,[n] + n[n] (2.4)

In MIMO multi-tap channel, channel coefficients h,[n| are calculated from auto-

covariance function.

In this work users are assumed to be close enough hence the center degrees of received
signals are assumed same for each user. Also, the power of multipath components are

concentrated in an angular spread. Auto-covariance matrix can be calculated as [14]:

w (2L
R = /( s OO () @.5)
pi')——5

where ,ul(“) corresponds to center degree of [ active tap of user u, Al(“) corresponds

to the angular spread (AS) of /** active multipath component of u!* user and p;(¢)

is the power-angle delay profile which is a positive constant only in an small interval
() )

(2
T e e ().

[1, eImsinl9) ej”(N_l)Si”(‘b)}T where —~ <P < il (2.6)

u (o) = : :

-
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Firstly, number of active taps between total channel taps are decided as can be seen

from Figure 2.2;
g—x—x—ﬁ—x—x—n—x—ﬁ—x—x—ﬁ——- —-—x—ﬁ—l_v_(l

Figure 2.2: MULTI-TAP ACTIVE TAPS DIAGRAM

By using this auto-correlation matrix channel coefficients are calculated as;

h,[]] ~ CN(0, R™) 2.7)

Received signal in antenna array r[n| can be expressed as:

r(n] =Y hy[n] « ,[n] + nln] (2.8)

2.3 Equivalent Discrete Time Model for Factor Graph Implementation with

Bank of Channel Match Filter

2.3.1 Single Tap Channel with Single Receiver Antenna Scenario

In this scenario, each user transmits its corresponding SCMA codeword in a Rayleigh
Channel and it receives using a single receiver antenna and this received signal di-
rectly processed in factor graph. This model is simpler because of the fact that there
is no multipath effects in the system. This reduces the receiver complexity because
there is no Inter-Symbol Interference (ISI) which is arises from other SCMA code-
words and Inter-Chip Interference (ICI) which is arises from the other chips of the
same codeword. Hence, sparse nature of the system is not corrupted. Therefore, this
signal can be directly used as the input of factor graph and factor graph can separate
users’ signal without any additional effort. Block diagram of this model can be seen

at Figure 2.3
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Figure 2.3: Basic Factor Graph Receiver for Single-Tap Channel

2.3.2 Multi Tap Channel with Single Receiver Antenna Scenario

In multi tap channel with single receiver antenna scenario channel, performance of the
factor graph is analyzed in a channel with multipath. Therefore ISI and ICI become
an important factor in the performance. In order to diminish the performance loss of
the system a new receiver system is designed and in this new system received signal

passed through the matched filter for each user separately.
-1
yuln] = hi[—n]xrn] = b2 [l]rn + 1] (2.9)
1=0

where 1 is the channel match filter of user u which is conjugate of 1 and y,[n] is
the output of CMF of user u which will be used in factor graph which is assigned to
decode user u. Then, the outputs of the match filter are processed by factor graph.
This means that K = 6 factor graph is processed in parallel and decision of corre-
sponding user is acquired from this user’s factor graph. Finally by combining the
outputs of factor graphs for each user total predictions are attained. Block diagram of

this model can be seen at Figure 2.4
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Figure 2.4: Factor Graph Receiver for Multi-Tap Single Antenna Channel

2.3.3 Multi Tap Channel with Multiple Receiver Antenna Scenario

In multi-tap channel with multiple receiver antenna scenario MIMO is integrated in
the system. In receiver, multiple antennas are utilized so that more reliable signals are
extracted in receiver part. Received signal r[n| is passed through the corresponding
channel match filter for each user so input signal for factor graph for user u y,[n] can

be calculated as:

yuln] =i [=n] xx[n] = Y b [rln +1] (2.10)

where rf[n] is the channel match filter of user u which corresponds to the complex

conjugate transpose of r, [n]. In MIMO case y,[n] can be also expressed as:
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K

yu[n] = W2 [—n] « th[n] * x[n] + n[n]

— th[—n] s hy.[n] * 2 [n] +hY [—n] « n[n]

k=1
K
= [n] = 0] + nufn] 2.11)
k=1
where, n,[n] = h¥[—n] * n[n] and Pluk) 1] 2 h[—n] = hy[n). Pusy[n] is cross

channel match filter output of user u and user £ In this scenario two different cases
are analyzed. In the first case, users are assumed to be separated enough and therefore
channels of the users are orthogonal and in the second case, users are assumed to be
close enough so their active multi-taps and the center degrees of received signals are

the same. Block diagram of this model can be seen at Figure 2.5
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Figure 2.5: Factor Graph Receiver for Multi-Tap MIMO Architecture
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CHAPTER 3

REDUCED COMPLEXITY RECEIVER STRUCTURES FOR UPLINK
SINGLE-CARRIER NOMA TRANSMISSION

3.1 Conventional Structures

In order to show the performance improvement of the proposed novel receiver over
conventional receiver structures, conventional receiver structures are implemented as
the initial step. These conventional SCMA receiver schemes not only used as perfor-
mance benchmark but also the output of conventional decoder structures are utilized
in novel receiver architecture in order to provide a-priori predictions for transmitted

symbols.

3.1.1 Single User ML Decoding

Single user ML Decoder is implemented in order to show the poor performance of
the simple receiver in non-orthogonal multiple access schemes even in channels with
high SNR. The main reason of this low performance is that in SCMA more than one
user shares a resource element simultaneously and separation of the symbols of each
user requires more complex receiver architectures. The performance of single user
ML-decoding structure is analyzed in single tap channel, multi tap channel, single

receiver antenna design and multiple receiver antenna design.

For example in multi-tap channel with multiple receiver antenna scenario, each user

transmits their messages in multi-tap channel and corresponding signal r[n| is re-
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ceived in MIMO antennas where

K

r(n] =Y hy[n] « 2,[n] + nn] (3.1)

u=1

Received signal r[n] is passed through channel match filter (CMF) of each user sepa-

rately and y,, which is input signal of the ML estimation for user u is acquired.

L-1

yuln] = 0 [=n] xxln] = > W lr[n + 1] (3.2)

where h’[n] is the channel match filter of user u

Then for each user symbol-wise ML Estimation is used. Basically, ML estimator

make its symbol predictions by calculating norm distances between output of channel

math filter and each possible transmitted codeword from corresponding c,(;‘) from

users where
T

u) A u u u
¢ 2 CE,‘:)” [0] cglgg) [ .. 05;3> [N, — 1] (3.3)
I ,E“) €{1,2,3, .. , M} corresponds to k’th symbol of user u. And cé”) codeword

transmitted for symbol £ of user u /, ,2“).

For u'" user’s k' symbol corresponding received signal which will be used in ML

estimator can be written as:

2 = [yulkN] gulkNe+ 1) o gu[kNe+ N —1]]" 34

In ML estimator in order to make a simpler estimation cross channel coefficients
assumed to be perfect where cross channel coefficients between user «1 and user u2

can be expressed as:

Para)[n] = W [—n] % hya[n] (3.5)

Therefore, in our design ML estimator in which multiuser interference ve intersymbol
interference are ignored for the transmitted symbol estimation for k" symbol of user

u I can be written as:

~ 2
Single User ML Detector: [, ,i“) = argmin Hz,(f) — P(uw) [O]CS‘)

bis

(3.6)
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3.1.2 Single User ML Decoding with Single-Carrier Frequency Domain Equal-
izer (SC-FDE)

In order to increase the performance of the novel receiver a single carrier frequency
domain equalizer is implemented. Equalizers are commonly used in communication
networks which mainly reverse the distortion incurred by a signal transmitted through
a channel. In digital communication main purpose of the equalizers is to reduce inter
symbol interference to allow recovery of the transmit symbols for frequency selective
channels. In this novel receiver architecture, frequency domain equalizer is utilized
because the network resides in a multipath channel which causes ISI and destruct
the received signal. In this architecture, transmitted signals are received in receiver
antennas and firstly processed in SC-FDE. In novel receiver architecture, the outputs
of the equalizer are used to calculate possible ICI and ISI in the received signal and
they are canceled from received signal. The outputs of SC-FDE are utilized in the
novel receiver and improvement in BER performance of the system is observed by
comparing the performance of the system with SC-FDE and without SC-FDE. SC-
FDE design can be seen at Figure 3.1:

In frequency domain equalizer design, first of all for a channel with L tap, as a cycle
prefix, transmitted signals of each user during last L — 1 time slot is inserted to the
beginning of the signal [21]. In FDE, Received signal r in antenna array can be

expressed as:

[ xfo] | [H[O] o0 a2 H| [ x[0 ]

r[1] H[1] H[0] ... H[3 H2]| | x[1]

2] | = |H[2] H[] ... H4] H3]| | x[2 3.7)
e[ —1] [0 0 ... HI] H0]| |[x[T"—1]]

where T = T N, is total time slot of transmitted signals, r[n] = [ri[n] 72[n]...rn[n]]"

is received signal in antenna array for n'” time slot in system with N receiver antenna,
x[n] = [z1[n] x2[n]...xx[n]]T where x,[n] is the transmitted signal from user u in

n'" time slot, H[n] = [hy[n] hy[n] hs[n] ... hgln]] is the channel’s I tap co-
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Figure 3.1: SC-FDE Diagram

efficient for system with K transmitter user. And H[n]| can be also expressed as:

[ hin]  hin] hi[n]]
h2[n]  h3n] W% [n]

Hn] = | hd[n] hin] ... h¥[n] (3.8)
W] WY ] ... B[]

where h¥ [n] is the channel coefficient between k' antenna of u'* user for n'* tap

index. Then H matrix can be also written as:

H=(Q®ly) blockdiag{A,}}~' (Q" ®Ik) (3.9)

where ® is the Kronecker product operation and Q is 7'27" DFT Matrix. Elements of
- 2Tmn

the DFT Matrix can be calculated as @, n) = \/LTf,eJ 7" where m is the row number
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and n is the column number. blockdiag{An}Z,:o can be shown as:

Ap O 0 O 0
0O A, 0 0O ... O
blockdiag{A,}" ' =10 0 Ay 0 ... 0O (3.10)
i O o o0 0 ... AT/_
Each A,, is N2 K matrix and their elements can be calculated as A,, = f;ol H[/| e 277””

where n = 0,1, ..., 77 — 1 which corresponds to 7" point DFT of {H]/] szlo_l.

So our equation (3.7) can be converted to:

ro]] [A 0 0 o0 ' [ x[0] |

r[1] 0 A, 0 O x[1]
Q"eLy) [r2l|=]0 0 Ay 0 Q" @Ix) | x[2] | 3.11)

r[T]] [0 0 0 0 ... Ap x[7]]

As mentioned before Q is 7" 27" DFT Matrix so equation 3.11 can be represented as:

r; = blockdiag{A,}T 'x; +n (3.12)

where r¢ is DFT of r and x; is is DFT of x. Therefore equation is transferred to the

frequency domain. Also this equation can be written as:

r¢[n] = AX¢[n] +ngn] (3.13)

where n =0,1,2,....,TN. — 1. Also, Xy, can be calculated as:

. N, -1
Xj[n] = (Af A+ E—Zlmx) Allr¢[n] (3.14)

where ﬁ—j is the SCMA symbol power and AnH is the conjugate transpose of A,, and

(AfLIAn + %IK%K)_1 is the matrix inverse of the A,, and (AfAn + %IK;EK) Thus
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by calculating IFFT of the X; we can get the output of Single-Carrier-Frequency Do-

main Equalizer design X.

K[k]e "7 (3.15)

which corresponds to IDFT operatipn in temporal domain. From output X estimations

for each NOMA symbol transmitted from each user is calculated in that way:

2" = [eR[kN,] e!X[kN,+1] eX[kN.+2] .. e’X[kN.+N,—1)]" (3.16)
where i,(cu) is the output of the equalizer which corresponds to the k" transmitted
codeword from user v as kK NOMA symbol where k = 0, 1,2, ..., T, e, is the basis
vector and can be expressed as: e, = [0 0..0 1 0..0 0]” which has only non-
zero element in u'" index, and X[i] = [21[i] @2[i] ... Zx[i]]” Finally, transmitted

NOMA symbols from every user are estimated from a ML estimator which can be

written as:
ML detector: Au —argmlnH —ck (3.17)
N T
where ¢ = [ [0] AU N] c%{)[m—u} and IV € {1,2,3, .. ,M}
k k k

()

corresponds to k’th symbol of user u. And ¢, ’ codeword transmitted for symbol % of

user u [ ,g“)

3.2 Conventional SCMA Decoder

In this thesis, novel receiver architecture for Single Carrier NOMA is designed and
as it is mentioned in system model; mainly three different models are analyzed. In
the first design, which is mentioned in section 2.3.1, a basic single carrier model
in a single tap channel with single receiver antenna is analyzed in order to test the
performance of the NOMA in single carrier SCMA schemes. In this architecture,
signals are transmitted in a single tap channel. Channel is assumed to be a Rayleigh

channel. Therefore, the received signal is only disturbed with a noise figure. In
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conventional single tap SCMA received which is commonly studied case in literature,

signal r[n] for given time slot in receiver can be expressed as:

rln] = huaa[n] + nln] (3.18)

where h, denotes the channel coefficient of user u, and z(,)[n] is the transmitted
signal from user u. Received signal r[n] is directly processed in factor graph. First of
all norm difference between the received signal r[n| and every single combination of
possible transmitted signals from users which are active during selected time slot (RE)
is calculated. As it can be seen from factor graph representation of the model only
three users are active during any time slot. Symbol-wise representation of received

signal is:

2, = [r[kN.+1] r[kN,+1] .. r[kN.+N,—1]" (3.19)

First of all possible norm distances are calculated as:
 lze[w] = St = S5 = S5

dy (I, Ij, ) =

No
Sy = hicy) [w]
Sa = hyci[w]
Sy = hyel [uw] (3.20)

where z;[w] is the w' index of the received NOMA symbol, d¥ (I;, I, ;) is the
norm distance value between received signal in corresponding time slot and expected
transmitted signals from active users 4, j, . Users ¢, j, [ transmit the symbols I;, I;, I;
respectively for w'” time slot of k" symbol. So Si, Ss, S3 corresponds to the possible
transmitted signals from each of the active three user during time slot w. h; is channel
coefficient for user i and c%)l is the transmitted codeword from user ¢ for symbol I;

during corresponding time slot.

, , , . T
o) = [Cﬁ)[ol il N, 1] (3.21)
or (mi, mj,my) = exp{d; (m;, m;,my)} (3.22)
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Figure 3.2: Factor Graph Representation for SCMA with K = 6 and #RE =4

Then in graph of this structure, Factor Nodes and Vector Nodes of the message pass-
ing algorithm (MPA) are updated in an iterative manner respectively [22] the update

rule of the nodes can be written as ;

M-1 M-1

Ifi (mi) = Y I (my) I3 (mue)- ¢y (m, my, mu) (3.23)

]
mj:() mk:0

I (m)
S o L (m')

Iy (m) = (3.24)
where V;, Vj, V}, are three Vector Nodes connected to the n — th Factor Node and Fy,
and F}, are two Factor Nodes connected with k — th Vector Node V). We calculate
every I}/n(m,) from Factor Node to Vector Node and [ i‘(m) from Vector Node to
Factor Node. Finally, after determined update number is finished symbol probability

Qv (m) is calculated and decision made by

f,gu) = argmax ||Qv, (m)|| (3.25)

where Qy, (m) = 1 5: (m)1 5: (m), and T ,gu) is decoding output of factor graph for k’th

symbol of user u.
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3.3 A Novel Iterative SCMA Decoder with Bi-directional Decision Feedback
(BDF) for MIMO System in Frequency Selective Channel

In this thesis, a novel receiver architecture is designed to improve system performance
especially in multi-tap channel scenarios. Because, sparsity is destructed in multi-tap
channel so the performance of the factor graph based receiver algorithm is decreased
dramatically. Firstly MIMO is integrated into the system with N receiver antenna in

the receiver part. In MIMO architecture received signal r[n] can be represented as:

r[n] =) hy[n] * z,[n] + nln] (3.26)

u=1
As opposed to the conventional SCMA decoder, received signal is passed through
a channel match filter for each user in receiver before processed in factor graphs.
Integration of the MIMO in to the design caused to decrease in the effect of the ISI
and ICI in the system which are caused by multi-tap channel because the diversity of
channels of the users has increased. Thus, in the output of the match filter, transmitted
signals from the entire user except the corresponding user for that channel match
filter. And the side coefficients of cross match filter output for this corresponding
user became weaker than center tap. The output of each match filter which is defined
as Y, 1s processed in parallel factor graph blocks in which for each user corresponding
match filter output is processed in the factor graph allocated for this user.

pul] = B[] s xln] = S Wl + 1 3.27)

where h’/[n] is the channel match filter of user m.

Therefore, each user’s estimation is made based on the factor graph which uses cor-

responding user’s channel match filter as described in section 2.3.3.

One of the main differences between the operation of conventional SCMA decoder
and Novel SCMA Decoder proposed in this thesis is the calculation of norm distance
between possible transmitted signal and received signals in the output of the channel
match filter block. In multi-tap scenario ¥, should be used instead of r in the input of
factor graphs. In the first update of novel receiver, ¥, is calculated in that way: from

ym Which is the channel match filter output of received signal, possible interferences
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caused by multi-tap channel are substructed which are inter-symbol interference (ISI)
caused by neighbor symbols and inter-chip interference (ICI) caused by the other
chips of same symbol. Possible interferences are calculated by assuming that symbols
which are decoding outputs of SC-FDE are transmitted from each user. Therefore
predictions of SC-FDE are utilized and even if these predictions are not perfect, it
gives good information about possible ISI and ICI. Therefore after elimination of
these interferences factor graph has a better input signal to decode closer to the ideal
case and performance of the factor graph is improved. Especially when the SC-FDE
estimations are close to the real input symbols which occurs in high SNR, interference

cancellation become better so system performance increases.

Therefore, y,,, which is the interference cancelled form of received signal according

to current decoding outputs can be written as:

T-1 K L—1
Gon [Nek + 1] = yon [Nek +] = D > Pomall] 0 [kNe = KN+ — 1]

k'=0 u=1l=—L+1 K
k' £k

K L—1

=3 Pl i1 (3.28)
u=1l=—L+1 k
10

where p(™®[n] = hH[n] % h,[—n] is the cross channel response between the users u
and m. y,, [n] is output signal of channel match filter of user m which will be used
in the decoding procedure of user m in factor graph. T is total number of symbol for
a user and IA,?j € [1,2,3, ..., M] is output of SC-FDE for k* NOMA symbol of user u
and C?? [n] is predicted the transmitted codeword from user u in n'* chip according
to the SC-FDE symbol estimations f;‘ Therefore, input of the m* user’s factor graph

for k™" symbol can be expressed as:

2" = [GnlkNe + 1] GmlkNe+1] .. Gu[kNe+ N, —1])7 (3.29)

Normally, in simple single tap scenario, in a given time slot received signal composes
of only three active users’ transmitted signal which are decided according to factor

graph and noise. However in multi-tap scenario, not only active three users’ messages
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but also other users’ messages received because of the interferences due to multipath.
After calculating ¥, in order to calculate norm distance, the system model is assumed
similar to simple model as conventional SCMA decoder in order to maintain the low
decoder complexity. This means that channels are assumed to be perfect and thus,
it is assumed that there is no ISI and ICI in the received signal. Perfect channel
coefficients are calculated as, p(y,m)[n] = P(u,m)[0]d,, so expected received signal can

be simple expressed as:

Y ln] = Zp(m,u) 0], [n] + n[n] (3.30)

which is similar to form given in the literature. Therefore, expected input of the m!"

user’s factor graph for k" symbol can be expressed as:

2" = kN 41 ¢ kN +1] o kN4 N, —1]]7 (3.31)
So Norm distance can be calculated similar to simple SCMA decoder as:

e ) = S1— 85 — S5
Ny

dy (Li; 1;, 1) =

St = Py [0S [u]
Sy = P 0] [w]
Sy = P(m,l) [0] C(fi) [w]

(3.32)

where S}, S, S3 are possible transmitted signals from active three users during n'*
time slot with perfect cross channel where p(,1 .2) and cg) is the transmitted signal
from user ¢ for symbol /; during corresponding time slot. After that I},fn and I‘l;j
which are factor nodes and vector nodes of the massage passing algorithm in the
factor graph are updated same as conventional SCMA decoder. Finally in the output

of each factor graph symbol predictions are made for related user as:
[ = argmax || Qu, (m)| (3.33)

where Qy, (m) = I‘i“ (m)[f,:f (m) and I ,ﬁ“) is decoding output of factor graph for £’th
symbol of user u. In this way naturally predictions for every user are generated how-

ever only the predictions of the user whose channel match filter is used in the input of

29



the factor graph are taken into consideration and the estimations of other users are dis-
carded. Therefore final predictions are acquired by combining corresponding user’s
predictions from each K parallel factor graph block. In addition, after first predictions
are made in factor graph, according to these predictions an iterative feedback system
is designed. So according to predicted symbols from factor graphs, possible ISI and
ICI symbols are recalculated instead of SC-FDE equalizer outputs and they are sub-
tracted from received signal in next iteration and parallel factor graph architecture is
processed again. Therefore, it is expected that a better predictions than SC-FDE is

acquired to cancel possible interferences.

T-1 K L—1
Jon [Nek + 1] =y [Nek +1] = > > Pl ] cggg) kN, — k' N, +i — 1]
/=0 u=1 l=—L+1 K
k'#£k
K L—1
> > Pamawll] c%;) [i — 1] (3.34)
u=1l=—L+1

where p(,,m)[n] = hil[n] * hy,,[—n] is cross channel match filter output of user v and
user m, Y., [n] is output signal of channel match filter of user m. 7 is total number
of symbol for a user and f}; € [1,2,3,..., M] is output of u'" user’s factor graph for
k" NOMA symbol and c%u is the expected transmitted codeword from user u in k"
SCMA symbol according to the symbol estimation /;* from factor graph.

This iterative decision feedback mechanism continuies for a certain number of itera-

tions. System model of novel receiver architecture can be seen from Figure 3.3 .
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CHAPTER 4

PERFORMANCE ANALYSIS BASED ON ACHIEVABLE INFORMATION
RATE(AIR)

4.1 Mismatched Decoding Capacity via Generalized Mutual Information

In order to make performance analysis of designed novel receiver architectures only
providing "Bit Error Rates" (BER) comparisons is not adequate. Therefore, as a part
of this thesis, in order to support our work and provide a better comparison between
different scenarios, a capacity comparison is made which is called as "Achievable
Information Rate" (AIR). AIR is a quantity which corresponds to the reliable infor-
mation rate that can be transmitted through a given channel. For a system with a

uniform input symbol alphabet AIR can be expressed as [23]:

(4.1)

en D (Y2
AIR = 10g2 ‘Ax‘ — EX,Y {1Og2 (Zx GAZP( ’x )>}

p(Y[X)

where | A x| is the alphabet size of codebook, p (Y'|z', h) is the approximate probabil-
ity density function of signal Y is received when the symbol 2’ is transmitted and X
is the real transmitted signal from corresponding user. In order to get fair AIR value,
calculated value should be divided by the number of resource elements which is num-
ber of time chips for a single SCMA symbol. Typically, capacity parameter originally
calculated from exact values of the probabilities of the received signal given transmit-
ted symbol. However in SC-SCMA there is interference so it is not possible to obtain
exact probability density function values. So instead of exact values of probability
density function, probability density function which are close to the exact values of
density functions are utilized and this approach is referred as mismatched decoding

[24]. Because of the fact that calculation of p (Y'|2’) is not simple, equation can be
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rewritten by using bayes rule which states that:

(Y)

3>

pVIa) = V) By @“2)
So our equation can be expressed as:
Vwea, D @IY) 53
AIR =logy |Ax| — Exy {10g2 ( TA;( v ﬁ(Y)p( : (4.3)
p(XTY) 55

As indicated before in SC-SCMA, codewords are equally likely so p (X) and p (z')

are equal to @.So we can calculate AIR parameter from approximately probability

density functions as:

4.4)

en (@Y
A[R:10g2|Ax‘—EX’y {10g2 <erA1p('x’ )>}

p(X]Y)
4.2 Air Analysis of Proposed Architectures

AIR depends on the total number of constellation points of transmitted signal and
p(z|Y) as it can be seen in equation (4.4) because |Ax| is a constant value and
> wea, P (x[Y) equal to the 1. In order to calculate the AIR parameter in different
scenarios studied in this thesis, calculation of the probability of transmitted symbol
from received signal is necessary and this value calculated differently in each scenario

because the symbol estimations are done with different decision criteria.

4.2.1 Single User ML Decoding

In Single User ML Decoding received signal is passed through the corresponding
channel match filter for every user and each user’s estimations are done by using
ML Estimate which compares symbol-wise norm distances between received signal’s
corresponding indexes and possible transmitted signal as described at equation (3.6).

The probability function for normal distribution is:

1w
P(z) = o5 4.5)




where o2 is variance and y is the mean. Therefore we can say that P (z|Y,h) ~

e—4/No where d is the norm distance calculated in ML estimator.

4.2.2 Single User ML Decoding with SC-FDE

Similar to Single User ML Decoding case, in SC-FDE scenario estimations of the
users’ transmitted symbols are done with ML estimator which consider the norm
difference between equalizer output corresponds to the relevant user’s corresponding
symbol and possible transmitted codebooks of the same user. Therefore, this norm
difference can be utilized directly to get p (z|Y") such that, p (z|Y) ~ e~ where d is

the norm distance calculated in ML estimator.

4.2.3 SC-SCMA Decoder

In SC-SCMA decisions over the transmitted signals are done over the Qy, (z) =
I‘I}:j (x) I‘Zf () where F,, F, are two variable node connected to user k in the factor
graph and [5,: (x) and I{Z’ (m) are iteratively computed in the factor graph over [}
values, m corresponds to the possible constellation point. In factor graph Qy, (z)

values can be calculated from P (z|Y) where P (z]Y) ~ Qy, ().
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CHAPTER 5

SIMULATION RESULTS

In this chapter, simulation results are presented for different structures with different
parameters. Simulation results mainly show the Bit Error Rate (BER) and Achievable
Information Rate (AIR) of different structures with different system parameters under
different ﬁ—g values. In this thesis, a SCMA network model with six users and four
resource elements is studied. The main variable system parameters in this study are

following:

Number of total constellation points per single SCMA symbol (bits per symbol)

Number of total and active taps in channel

Number of receiver Antenna in Receiver

Angle of spread of the delay taps

Also in order to show support of the MIMO in receiver structure, simulation results
for cross channel match filter outputs are provided. In graphs 5 different plots can
be seen; firstly performance of the direct ML estimation, secondly performance of
the direct iterative factor graph performances, thirdly performance of SC-FDE and
fourthly, performance of the iterative factor graph which utilize the SC-FDE out-
puts anf finally the performance of the system unde perfect interference cancellation.

Mainly, in simulations four different scenarios are analyzed.
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5.1 Single Tap Channel with Single Receiver Antenna Scenario

Firstly, performance of conventional SCMA decoder is simulated. In this scenario,
channel is assumed as single-tap channel and in receiver only one receiver antenna
is occupied. Therefore, in this model there is no ISI or ICI which cause destruction
in the sparsity of the SCMA codewords. For this reason without using any novel re-
ceiver architecture, system can decode received symbols in factor graph with a high
performance. In this model two different channel models are used; first a AWGN
channel is used in which all the channel coefficients are assumed to be 1, second a
Rayleigh channel between transmitter and receiver. Corresponding simulation results
can be seen in figure 5.1 and figure 5.2 respectively. In this scenario bi-directional
iterative decision feedback mechanism is not used because it is used to reduce inter-
ferences. Also AIR graph of this schemes are provided for these two models in figure

5.3 respectively.

10°

107

102}

BER

103 ¢

I Conv. Single-user ML
.| |~ & ~NOMA sC-FDE

107 £ | —— Iterative SC-SCMA w/o FDE
- |—-A-—lterative SC-SCMA with FDE
L | — % —SC-SCMA with Perfect IC

10-5 | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20

Eb/NO(dB)

Figure 5.1: BER vs E},/N, Performance in Single Tap AWGN Channel

Simulation results indicate that, BER performance is reduced in Rayleigh channel be-

cause in addition to noise, non-uniform channel causes a decrease in the performance
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Figure 5.3: AIR vs E;,/N, Performance in Single Tap Channels

of the factor graph when it is compared with AWGN channel. However, both schemes
give good BER performances for a communication network. Also because of the fact
that there is no ISI and ICI, performance of the iterations of factor graph is same with

perfect interference cancellation case. Also SC-FDE doesnot works.
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5.2 Multi Tap Channel with Single Receiver Antenna Scenario

Secondly, a multipath channel with 16 taps with 6 active taps instead of single tap
channel scenario is simulated in order to show the dramatic performance decrease
in conventional receiver architectures. Simulation results for BER performance and

AIR graphs can be seen at figure 5.4 and figure 5.5.

0.34F v v 7% v v v 12 \/\¢\§
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0.32 1
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0288~ _, 1
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O.24E:L ]
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| |—%— lterative SC-SCMA w/o FDE
0.2 |- |—-A-—Ilterative SC-SCMA with FDE
L 1 1 1 I | ?‘ T — g
0 2 4 6 8 10 12 14 16 18 20

Eb/NO(dB)

Figure 5.4: BER vs E;, /N, Performance with Single Receiver Antenna, 16 Taps, 6
Active Taps Channel

As it can be seen from the simulation results, system is destructed and even in high
Ey/ Ny values system cannot decode received signal. Main reason for this problem is
that effect of ISI and ICI is dramatic so sparsity of the SCMA codewords is destructed
and sparsity cannot recovered in the receiver. Thus, the performance of the system
decreased dramatically when it is compared with the performance of the single tap
channel. In this model bi-directional iterative decision feedback mechanism with
group of factor graphs is utilized, however because of the fact that estimations of SC-
FDE and factor graphs are not good, performance of the system decreased in next
iterations because interference cancellations are done based on the false estimations
and received signal worsen. Thus, it can be deduced that novel receiver architecture

is necessary to overcome this problem.
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Figure 5.5: AIR vs £, /N, Performance with Single Receiver Antenna, 16 Taps with
6 Active Taps Channel

5.3 Single Tap Channel with Multiple Receiver Antenna Scenario

Thirdly, MIMO is integrated in the conventional SCMA architecture in single tap
channel. Results of the Rayleigh channel with multiple receiver antenna can be seen
in figure 5.6 and AIR performance for corresponding scenario can be seen in figure
5.7.

When the results of figure 5.6 and figure 5.2 compared it can be interpreted that
using multiple receiver antenna and processing received signals together improves

the performance of receiver in single tap channel scenario.
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Figure 5.6: BER vs E}, /N, Performance with 10 Receiver Antenna, Single Tap
Channel
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5.4 Multi Tap Channel with Multiple Receiver Antenna Scenario

Fourthly, the performance of the novel receiver architecture which utilizes multiple
receiver antennas (MIMO) under multi-tap channel is analyzed. In this scenario there
are several factors, which affect the performance of the system and as stated before.
Thus, the performance of the proposed structure is analyzed different system param-
eters. Firstly, in order to test the effect of the number of receiver antenna, system

simulated with different number of antennas.
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Figure 5.8: Cross Channel Match Filter Output of First User with Single Antenna
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Cross Match Filter Output

25 30 35

Figure 5.9: Cross Channel Match Filter Output of First User with Multiple Antenna

In MIMO architecture, multiple receiver antennas is utilized therefore output of the
cross channel match filters between two different users and self-match filter output of
a user become more distinct and center tap coefficient are more powerful than side
taps as it can be seen from figure 5.8 and figure 5.9. Therefore, in match filter block,
power of delay taps which causes interference and signal of other users are weakened,
hereby this receiver architecture provides more legitimate estimates. Simulations are
done for 4 constellation points and 16 constellation points separately. The simulation
results for 4 constellation point with 3, 5, 10, 20 antennas can be seen at figure 5.10,
figure 5.11, figure 5.12,figure 5.13 respectively and corresponding AIR results can be
seen at figure 5.14. The simulation results for 16 constellation point with 5, 10, 20, 50
antennas can be seen at figure 5.15, figure 5.16, figure 5.17,figure 5.18 respectively

and corresponding AIR results can be seen at figure 5.19.
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Figure 5.11: BER vs E;, /Ny Performance with 5 Receiver Antenna, 16 Taps, 6
Active-taps, 10° Angular Spread, 4 Constellation Points
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Figure 5.12: BER vs E;, /N, Performance with 10 Receiver Antenna, 16 Taps, 6
Active-taps, 10° Angular Spread, 4 Constellation Points
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Figure 5.17: BER vs E;, /N, Performance with 20 Receiver Antenna, 16 Taps, 6
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Figure 5.19: AIR vs E, /N, Performance with Different Number of Receiver
Antenna, 16 Taps, 6 Active-taps, 10° Angular Spread, 16 Constellation Points

Results indicate that, system performance is improved when the number of receiver
antenna is increased. The effect of interferences is suppressed. Therefore, even in
the first iteration good estimations are obtained. In next iterations, the system uses
previous predictions similarly to previous case. According to these estimates, ISI and
ICI are calculated and these parts are subtracted from the received signal. So in every
iteration, system’s BER result improves. Also SC-FDE provides good a-priori esti-
mations for factor graph so performance of the bi-directional iterative feedback mech-
anism which uses output of SC-FDE outperforms direct factor graph estimations and
the performance of the architecture approaches the performance of the system with

perfect interference cancellation. In scenario with high SNR and high number of an-
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tenna, direct SC-FDE can give better performance than factor graph as it can be seen
from figure 5.17 and 5.18. Besides, in 4 constellation point scheme, system perfor-
mance is high with more than 5 antennas, but in system in which 16 constellation

points are utilized high performance is attained after 20 receiver antennas.

Secondly, effect of the channel parameters which are total and active tap numbers in
the channel, in the performance of the system is analyzed. For that reason simulations
are done with 16 taps with 16 active taps and 64 taps with 16 active taps when number
of receiver antenna is 10 and angular support is taken as 10°. BER performance of the
simulation for 16 taps with 16 active taps can be seen at figure 5.20 and corresponding
AIR result can be seen at figure 5.21 and BER performance of the simulation for 64
taps with 16 active taps can be seen at figure 5.22 and corresponding AIR result can

be seen at figure 5.23

10°

Conv. Single-user ML : i
.| |~ & ~NOMA sC-FDE - Y N y
107 F | —s— Iterative SC-SCMA w/o FDE | “;

—-A-—|terative SC-SCMA with FDE Ny, \\
— % —SC-SCMA with Perfect IC \&‘ \
10—5 1 1 1 1 1 1 AN 1 N\
0 2 4 6 8 10 12 14 16 18 20
Eb/NO(dB)

Figure 5.20: BER vs E;, /Ny Performance with 10 Receiver Antenna, 16 Taps, 16
Active-taps, 10° Angular Spread, 4 Constellation Points
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Figure 5.21: AIR vs E}, /Ny Performance with 10 Receiver Antenna, 16 Taps, 16

Active-taps, 10° Angular Spread, 4 Constellation Points
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Figure 5.22: BER vs E;, /Ny Performance with 10 Receiver Antenna, 64 Taps, 16
Active-taps, 10° Angular Spread, 4 Constellation Points
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Figure 5.23: AIR vs E} /N, Performance with 10 Receiver Antenna, 64 Taps, 16
Active-taps, 10° Angular Spread, 4 Constellation Points

Results show that; when the number of active taps and number of total taps increased,
performances of the schemes improves. Main reason behind this improvement is
that when the number of total taps and active taps are increased cross channel match

filter outputs become more distinct and effect of ISI and ICI decreases in the received

signal.

Finally, performance of the novel receiver architecture with different angular support
values is studied. In this simulations channel assumed as 16 taps with 6 random active
taps and in receiver 10 receiver antenna is occupied and angular spread is assumed as
3° 10° 20° 45° so corresponding BER performances can be seen at figure 5.24, figure

5.12, figure 5.25, figure 5.26 and corresponding AIR performances are given at figure
5.27.
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Figure 5.24: BER vs E;, /N, Performance with 10 Receiver Antenna, 16 Taps, 6
Active-taps, 3° Angular Spread, 4 Constellation Points
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Figure 5.25: BER vs £, /N, Performance with 10 Receiver Antenna, 16 Taps, 6
Active-taps, 20° Angular Spread, 4 Constellation Points
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Figure 5.26: BER vs £, /N, Performance with 10 Receiver Antenna, 16 Taps, 6
Active-taps, 45° Angular Spread, 4 Constellation Points

Results show that; when the angular spread is increased, the correlations between the
antenna elements are decreased therefore, the separation of the users in the antennas
become more difficult. In ideal scenario with uncorrelated antennas the system per-
formance will be best however, in real life scenarios antennas are always correlated

so angular spread is a very important parameter which affects the BER performance.
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CHAPTER 6

CONCLUSION

Conventional communication schemes are always designed over the idea of utiliza-
tion of the orthogonal resources. However orthogonal resources are limited thus or-
thogonal communication schemes cannot address the requirements a great interest on
Non-Orthogonal communication schemes are raised. In this thesis, in order to provide
an alternative for next generation communication systems, a novel receiver model for
single-carrier SCMA is proposed which is a NOMA technique. The performances of
the proposed models are analyzed under different resource allocation, receiver archi-
tecture and channel models. Lots of researches concentrated on multi-carrier NOMA
schemes to find an alternative solution for next generation network systems, despite
of the fact that it brings lots of disadvantages. However, results of this study indi-
cate that, single carrier SCMA modulation schemes with novel receiver architecture
which consist of SC-FDE, MIMO receiver design and bi-directional iterative deci-
sion feedback model has a good performance even in frequency selective channels.
In massive MIMO scenario receiver antennas can provide service for several NOMA
groups simultaneously and each group consist of users with spatially correlated chan-
nels. Novel receiver architecture studies the performance of the single NOMA group.
This novel receiver architecture mainly recover sparsity with the help of proposed
bi-directional iterative feedback mechanism which cancels the interference according
to predictions of equalizer and factor graph block. The performance of the system
depends on several factors such as total constellation points, number of receiver an-
tenna for MIMO design, total multi-tap and active tap number in the channel, angular
spread of the multipath delays. Therefore, when the performance of the novel re-
ceiver architecture is taken into consideration, single carrier SCMA can be taken into

consideration as a candidate of future networks modulation schemes.
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