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Abstract
From the past few years, the demand for higher data rates has become increasingly important. Non-orthogonal multiple access (NOMA) has emerged
as a candidate multiple access technique to meet this overwhelming demand
of data traffic in fifth generation (5G) of wireless networks. In this thesis, we
investigates a new spectrum sharing strategy using NOMA. The proposed
scheme, successive bandwidth division (SBD)-NOMA, is a hybrid approach
exploiting characteristics of both the conventional NOMA system and the
orthogonal multiple access (OMA) system. The performance of the proposed scheme is evaluated with a constant power allocation coefficients using
a criteria of sum capacity, outage capacity and energy efficiency. Power
allocation is being performed in SBD-NOMA to maximize the sum rate using a divide-and-allocate approach such that all users are allocated with an
optimal transmission power. The performance comparison of this scheme
is made with conventional NOMA scheme and other existing power allocation schemes. Under Rayleigh fading, the probability density function
(PDF) of the received signal-to-interference plus noise ratio (SINR) is derived and closed-form expressions for the outage probability are presented
when channel state information (CSI) is available at the base station (BS).
The performance is evaluated in terms of receiver complexity, average sum
rate and outage probability. Simulations results are provided to access and
ii
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compare the performance of the proposed scheme with other contemporary
approaches.
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Chapter 1
Introduction
1.1

Introduction to 5G

From the last few decades wireless communication has undergone very rapid
changes. One of the reason for this rapid increase is the way it has affected
our lives. Cellular telephony, wifi and other services offered by wireless communicating devices is the major driving force behind all this. The excessive
usage of handheld devices for data transmission such as smart phones and
tablets is also becoming popular during the last few years, which has motivated the researchers, both in academia and industry, to design the next
generation wireless networks. The so-called fifth generation (5G) system will
be designed to offer greater spectral efficiency as compared to the conventional fourth generation (4G) systems. Its the future of connectivity. Its
something which promise to meet the overwhelming demand of data traffic
in 2020 and beyond. However, there are multiple challenges still associated with this field. In order to overcome these challenges there is a need
to do extensive work in exploring new techniques, technologies and ideas
that can improve the reliability, spectral efficiency and other parameters of
xii
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significant importance [1], [2]. In order to do this, 5G systems provide a
multitude of techniques to be used in future cellular systems including massive multiple-input multiple-output (MIMO), heterogeneous and small cell
networks, millimeter wave (mmWave) communications and other multiple
access schemes. The work in this dissertation deals with the novel concept
of non-orthogonal multiple access (NOMA), a technique that is considered
as a promising enabler towards the 5G of wireless networks.

1.2

Multiple Access Schemes

Traditionally, the multiple access schemes have been broadly classified into
two types, i.e., orthogonal multiple access (OMA) and NOMA. The basic
difference lies in the way resources are allocated to the users [3].

1.2.1

Orthogonal multiple access

An orthogonal scheme permits a seamless receiver to completely separate
unsolicited signals from the desired signal using different basis functions,
i.e., signals from separate users are orthogonal to one another in orthogonal
schemes. Time division multiple access (TDMA) and orthogonal frequencydivision multiple access (OFDMA) are the examples of OMA schemes. In
4G wireless networks, the OMA is mainly based on OFDMA [4]. OFDMA
assigns each tone to at most one user such that each user gets disjoint set of
subcarriers. Thus, each user experiences a different channel gain on each subcarrier. The transmitter of OFDMA systems can dynamically allocate power
and rate on each tone to satisfy various quality of service (QoS) requirements
of each user. The transmitter has the knowledge of perfect channel state information (CSI), which is required in multi-user communication systems.
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Thus, OMA techniques such as OFDMA and single carrier frequency division multiple access (SC-FDMA) have been adopted in various systems such
as long term evolution (LTE) and LTEadvanced but all these techniques are
user oriented and offer lack of user fairness. OMA, being widely used in 4G
networks, has no cross correlation and requires simple single user detection
but it has low data rates and often sensitive to frequency offset and thus
failed to achieve the system upper bound. These schemes are a reasonable
choice for achieving good system-level throughput performance in packetdomain services. However, considering the future radio access in the 2020
and beyond, further enhancement to achieve significant system throughput
and user fairness has become one of the key issues in handling this explosive data traffic increase in 5G mobile communication systems and need for
enhanced delay-sensitive high-volume services. To accommodate these demands, NOMA is considered as a novel and promising candidate for future
system enhancement. A topic discussed below.

Figure 1.1: Orthogonal multiple access.

1.2.2

Non-Orthogonal multiple access

NOMA, a candidate multiple access scheme for 5G wireless networks because
of its ability to share space resource among multiple users in addition to other
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benefits being offered. By virtue of this property, NOMA provides higher
spectral efficiency, reduced latency, massive connectivity, ultra-fast speeds
and user fairness as compared to its orthogonal counterpart [5], [6]. The
key feature of NOMA is to explore the multiplexing gain in power domain.
In NOMA, the signals from multiple users are superimposed in the power
domain in such a way that they offer greater spectral efficiency. Contrary
to the conventional water-filling power allocation strategy, the novelty of the
NOMA comes from the fact that NOMA technique allocates more transmit
power to the users with poor channel conditions (i.e., weak users) and less
transmit power to the users with better channel conditions (i.e., strong users).
In this case, the weak users can decode their high powered signals directly by
treating other signals as noise. In contrast, those users with better channel
conditions (i.e., strong users) adopt the successive interference cancellation
(SIC) technique for signal detection. In this way, the low powered signals are
recovered after SIC [5]. It has been demonstrated that by using superposition
coding (SC) together with SIC, both the system throughput and user fairness are significantly improved in NOMA systems compared to conventional
OMA systems. However, it requires a rather complex multi-user detection
(MUD) at the receiver side especially in massive access scenario. However,
by simultaneously allowing multiple users at same frequency/time/code, it
achieves the capacity of the Gaussian broadcast channels [4], [6].

1.3

Motivation

As mentioned above, the complexity of MUD is extremely high, especially in
massive access scenario. To reduce the complexity, many simplified NOMA
schemes have been proposed recently. However, all these schemes are not
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Figure 1.2: Non-Orthogonal multiple access.

Figure 1.3: Comparison between OMA and NOMA.

xvi

CHAPTER 1. INTRODUCTION

xvii

capacity-approaching. The primary reason behind this is the simplification
of MUD or algorithm used for decoding. On the other hand, the number of
practical capacity-approaching schemes proposed in the past are only limited
to a few number of users. However, the number of accessed users might be
far more than 2 in practical scenarios. Therefore, these capacity approaching techniques cannot be directly adopted. To get high spectrum efficiency,
high order inputs are also required. Hence, more complicated techniques are
required for decoding users’ signal. The optimal approach for uplink (UL)
NOMA is to allocate power on the basis of instantaneous channel gain and
to share space resource among all the available users [5]. However, in the
unconstrained NOMA scheme, there is no upper limit over the number of
users that share each subcarrier, which makes the MUD at the receiver a
bit complicated. This problem can be mitigated by imposing an upper-limit
on the number of users per resource to reduce the receiver complexity [6].
Therefore, in this thesis, to achieve the throughput gain of NOMA with
capacity-approaching techniques, we propose an algorithm successive bandwidth division (SBD) in which the users are divided into orthogonal groups
with limited number of users in each group. Because of the orthogonality
among the users, no joint processing is required at the receiver side to retrieve the users signals. In order to further reduce the inter-set interference,
the users within the same sub-band are paired. The users paired within the
same sub-band are members of two distinct sets, namely strong set and weak
set. The sets are classified on the basis of the channel conditions. The members of weak set should be chosen in a way that it offers very little or no
interference to the other user within the same sub-band. As the proposed
system is formed by combining OMA and NOMA techniques, so it inherits
the advantages of both techniques.

CHAPTER 1. INTRODUCTION
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Problem Statement

To achieve throughput gain of NOMA with practical capacity-approaching
techniques and reduced complexity at the receiver and to evaluate the performance gap between SBD-NOMA, OMA and NOMA. To analyze and quantify
the effects of power allocation on the performance of UL SBD-NOMA and
to provide the closed-form expressions for the probability density function
(PDF) of signal-to-interference plus noise ratio (SINR) to calculate the outage for zero forcing (ZF) postcoded receivers.

1.5

Thesis Contribution

The main contributions of this thesis can be listed as:
 We first consider an OFDMA-based MIMO-NOMA UL scenario, known

as SBD-NOMA, with constant set of power allocation coefficients. The
performance of this proposed SBD-NOMA is characterized with conventional OMA by using the criteria of sum capacity and outage probability.
 An approach to perform the optimal power allocation coefficients for

SBD-NOMA with transmission power constraint is proposed. This is
because the choice of the power allocation coefficients is a key to achieve
a favorable throughput-fairness tradeoff in NOMA systems. Analytical
results, such as an exact expressions of power allocation coefficients,
are derived for a two user scenario under a total power constraint.
 Under Rayleigh fading, the PDF of the received SINR is approximated

by a gamma distribution and closed-form expressions for the outage
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probability are presented for SBD-NOMA with no intra-set interference.

1.6

Thesis Organization

The rest of the thesis is organized as follows: Chapter 2 presents the background and existing literature on the leading technology of 5G wireless networks. In chapter 3, we formulate a framework to maximize the outage
capacity in SBD-NOMA. Chapter 4 presents a power allocation problem for
SBD-NOMA and discuss the optimal solution for two user scenario. Closedform expressions of outage probability are derived in chapter 5. Chapter 6
generalizes the conclusion drawn from the above frameworks along with the
concluding remarks.

Chapter 2
Background and Literature
Review
This chapter presents the background and literature review on NOMA.

2.1

NOMA

NOMA has been recognized as a spectral efficient multiple access technique
for the next generation of mobile networks. The concept of NOMA can be
linked to many previous communication systems. Early works on NOMA
system generally consider a transmitter with single antenna. However, it can
also be extended to various systems. Ding et al. in [6] study the ergodic
sum rate and outage performance of downlink (DL) NOMA. The author
considers randomly deployed users with single antenna nodes, which outperform the conventional OMA schemes. Recently, the combination of NOMA
is done with MIMO to achieve high spectral efficiency as the application
of MIMO to NOMA provides additional degrees of freedom [5]. However,
the conventional opportunistic schemes prefer to give all power to the users

xx
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with better channel condition, which improves the overall capacity of the
system but deteriorates fairness. In [7], the author proposes random opportunistic beamforming for the MIMO NOMA systems, where the base station
(BS) transmitter generates multiple beams and superimposes multiple users
within each beam. In [8], a ZF-based beamforming and user pairing scheme
is proposed for the DL multiuser NOMA system. An UL NOMA transmission scheme is proposed in [9]. Similarly, in [10], the impact of user pairing
is characterized by analyzing the sum rates in two NOMA systems. Some
other existing work on the design of UL NOMA for 5G wireless network has
been proposed in [11], [12] and [13]. The combination of NOMA with cooperative communications and mmWave has been characterized in [14], [15].
Other work on resource allocation in DL NOMA has been characterized in
[16]. System level performance of an OFDMA-based NOMA system with
fractional transmit power allocation (FTPA) and equal transmit power allocation (ETPA) is considered in [17]. Some other work on power allocation
has been discussed in [18], [19]. In [20], the author has presented different
power allocation schemes for NOMA considering FTPA, full search power
allocation (FSPA) and fixed power allocation (FPA). The FSPA performs
well but it has high computational complexity. FPA has worse performance
but least complexity. FTPA is a balance between the two but it does not distribute power among the multiplexed users in an optimum way to maximize
sum rate.

Chapter 3
Successive Bandwidth Division
NOMA system
In this chapter, we present a hybrid suboptimal technique SBD-NOMA,
which is an OFDMA-based NOMA system. In SBD-NOMA, the users are
orthogonally divided into different sub-bands on the basis of their CSI with
limited number of users in each sub-band. Because of the orthogonality
among the users, no joint processing is required at the receiver side to retrieve the users’ signals. In order to further reduce the inter-set interference,
the users within the same sub-band are paired. The users paired within the
same sub-band are members of two distinct sets, namely strong set and weak
set. The sets are classified on the basis of the channel conditions. The members of weak set should be chosen in a way that they offer very little or no
interference to the other users within the same sub-band. As the proposed
system is formed by combining OMA and NOMA techniques, it inherits
the advantages of both techniques. However, grouping cannot exploit the
full potential of NOMA and for that, we perform optimal power allocations.
Simulations have shown that this proposed scheme outperforms the OMA
xxii
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and NOMA scheme by a huge margin.

3.1

System Model

Consider the UL of a multi-user MIMO communication system, where the
base station (BS) is equipped with N antennas while the users are equipped
with a single antenna each. The total number of users in a cell is K where
K ≥ 2N . The transmission occurs in the presence of additive white Gaussian
noise (AWGN) over Rayleigh flat fading channels with path loss. For a
conventional UL system with multiple antennas at the BS, only N users can
be supported simultaneously without any interference. The novelty of the
proposed UL scheme is that, the BS can support 2N randomly deployed
users at any given instance by SC. Let ξ denotes the set of all K users. In
a conventional NOMA scheme, the set ξ is divided into two sets A and B,
such that A ∪ B = ξ and A ∩ B = φ. The sets A and B are defined on the
basis of the channel gains that the users experience. In this paper, the term
‘set’ refers to N randomly deployed users chosen on the basis of the channel
gains. The sets are classified as strong if the corresponding channel gains
are large and weak if the corresponding channel gains are small, respectively.
The sets are determined by sorting the channel gains in descending order and
then dividing the channel gains into two halves. The sets thus formed are
assumed to be mutually exclusive.
For the case of conventional OMA, the channel is divided into K identical
sub-bands to allow access from K different users. All the users are allocated
separate frequency bands and the other users cannot use the frequency band
other than the one allocated to them. Hence the signals can be decoded
independently at the receiver side and ideally no interference arises. However,
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the bandwidth assigned to each user is reduced to 1/K in this case, which
reduces the overall spectral efficiency of the OMA system. In conventional
NOMA systems, the users are squeezed in the same frequency band. In this
particular case, users in both the sets A and B are allocated to the same
frequency band. As multiple users are admitted at the same frequency, the
interference offered to them by other users within the sub-band is quite high.
We will show later that the users in set B are a constant source of inter-set
interference to the users in set A. Thus, the signals of the users in the strong
set are decoded first with interference, and then the user signals in the weak
set are decoded without interference. As a result, the decoding complexity at
the receiver side is very high even aided by SIC or joint decoding. However,
for both extremes, it can be seen that the capacity and reliability are affected
for OMA and NOMA schemes, respectively. A possible alternative to reduce
the interference, receiver complexity, outage probability and to enhance the
sum capacity, is to use the proposed SBD-NOMA described in the following
section.

3.1.1

Proposed SBD Scheme

The SBD scheme divides the available bandwidth W , of K users, into K/P
identical orthogonal sub-bands, each having a bandwidth of Wsb . Here P
denotes the maximum number of users that can share a sub-band, where
{P ∈ N | 1 ≤ P ≤ K} and N is a set of natural numbers. The number P
leads to the formation of sub-bands with different bandwidths, depending on
its value. The superposition of relatively small number of users in each subband reduces the receiver complexity and simple user detection techniques
can be applied at the receiver side. The P users paired within the same subband are chosen from two mutually exclusive sets A and B whose channel
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coefficients are pairwise orthogonal.
To get some more insight, consider Fig. 3.1, where the concept of SBDNOMA is demonstrated. Let the total number of users K = 24. For subsequent discussion in this thesis, we define a set φ, which is the set of the factors
of K. For K = 24, φ = {1, 2, 3, 4, 6, 8, 12, 24}. Since, the users paired within
each sub-bands are assumed to be equal, hence all even elements from φ are
chosen except P = 1. Note that when P = 1, conventional OMA scheme
works for each sub-band and when P = K, the SBD scheme specializes to
conventional NOMA. For P = 2, the access scheme is denoted as NOMA2 ,
where the number of users in each sub-band is 2 while the total sub-bands
are 12. The number P further divides the strong and weak sets A and B
P
into K/P smaller sets such that K/P
m=1 Am ∪ Bm = ξ, where ξ is a set of all
K users and m being the sub-band index. Each Am and Bm from the sets A
and B has a cardinality of 1 for P = 2 while there is a single interferer in this
case. Similarly, for P = 4, SBD-NOMA has 4 users in each sub-band. Each
Am and Bm from the sets A and B has cardinality of 2, whereas the number
of interferers is 3 in this case. P = K specializes to the case of conventional
UL NOMA, with only one sub-band and (K − 1) interferers. In other words,
we define NOMAP to be the access scheme where K/P sub-bands are form
with P users in each sub-band and a conventional NOMA scheme works in
each of sub-band.
The number P will affect the number of sub-bands, interferers, dimensions of channel and detection matrices, dimensions of received signal and
the number of users in each sub-band. However, the total number of users
remains the same. As only P users can transmit their signals at any given
instance, hence the received signal is the superposition of the signals from P
users. The remaining users are orthogonal. Therefore, in the proposed UL
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SBD scheme, the decoding complexity is O(|χ|P ), while that of conventional
NOMA with K users is O(|χ|K ), where χ denotes the constellation alphabet.
However, dividing the entire bandwidth into sub-bands cannot exploit the
full potential of NOMA, where all users can occupy the entire bandwidth.
Therefore, to cope with this we perform optimal power allocation in SBDNOMA, which provides an achievable rate much better than the one achieved
by without power allocation.

Figure 3.1: OFDMA vs. NOMA and proposed SBD scheme, K=24 for this
particular example.

3.1.2

Received Signal Model for proposed UL SBDNOMA

Let’s denote the channel matrices of strong and weak sets as H1 and H2 ,
respectively, written as





H1 = h1,1 h1,2 . . . h1,P/2 , H2 = h2,1 h2,2 . . . h2,P/2 ,

(3.1)
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where h1,j and h2,n denote the (N × 1) UL channel vectors of the j th strong
and nth weak user, respectively, and are drawn from the complex Gaussian
distribution with zero mean and unit variance. The channel vectors are
Rayleigh flat faded with path loss. Thus, in the given scenario, the superimposed signal received by the entire group of P users, multiplexed on the mth
sub-band, where 1 ≤ m ≤ K/P , is given by

y = (H1 s1 + H2 s2 ) + n,

(3.2)

√
|
√
where y is an (N ×1) UL received signal vectors, s1 = α1,1 x1,1 α1,P/2 x1,P/2
|
√
√
and s2 = α2,1 x2,1 ... α2,P/2 x2,P/2 are (P/2×1) signal vectors of strong and
weak sets, respectively. Here, (·)| denotes the transpose, αi,j represents the
NOMA power allocation coefficient of strong and weak users and xi,j represents the symbol transmitted by the j th user to the BS with N antennas
and i represents being a member of strong or weak set. The n is an (N × 1)
AWGN vector, where each value is a normal random variable with zero mean
and unit variance. The total number of signals received by the BS is K/P
and it depends on the number of users within a particular sub-band.
The received signal of an nth strong user, chosen from the set J, where
J = {1, 2, ..., P/2} and n ∈ J is the superimposed signal given by
√

yn = h1,n α1,n x1,n +

P/2
X

√
h2,j α2,j x2,j + n,

(3.3)

j=1

where h1,n and h2,n are the (N × 1) UL channel vectors of the nth user from
both strong and weak sets to the BS having N antennas and n is the (N × 1)
AWGN vector.
Since the BS receives superimposed signals, an SIC scheme is required
at the receiver side for decoding, the signals of the strong set are decoded
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first, with interference from weak set, while the users in the weak set are free
from inter-set interference. The remaining users are orthogonal and offer no
inter-set interference.
As this thesis assumes perfect CSI, a ZF postcoded or detection matrix
is used to decode the signals of strong and weak sets. The corresponding
postcoding matrix Zi is given by

|
|
|
|
Zi = zi,1 zi,2 . . . zi,P/2 = (Hi )∗ ((Hi )(Hi )∗ )−1 .

(3.4)

In the above equation, Z1 is the (P/2 × N ) postcoded matrix of users in the
strong set and zi,j is the (1 × N ) vector corresponding to the ZF UL channel
vector of the j th user, respectively.

3.1.3

Received SINR

In order to determine the SINR of strong and weak users, respectively, we
apply the postcoded matrix Z1 to decode the users of strong set, where the


received signal vector r(1) = r1,1 , r1,2 , ..., r1,P/2 becomes
r(1) = Z1 y = Z1 H1 s1 + Z1 H2 s2 + Z1 n,

(3.5)

where r(1) is an (N/(K/P ) × 1) received signal vector. From (3.5) , the signal
of the nth user in the strong set, chosen from the set J, where n ∈ J is as
follow

(1)
r1,n

√

= z1,n h1,n α1,n x1,n +

P/2
X
j=1

√
z1,n h2,j α2,j x2,j + z1,n n.

(3.6)
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The corresponding SINR of an nth strong user is given by
||z1,n · h1,n ||2 α1,n
SIN R1,n = PP/2
,
2α
2
||z
·
h
||
+
σ
1,n
2,j
2,j
n
j=1

(3.7)

where ||.|| denotes the norm operator and (a · b) represents the point to
point multiplication between any two vectors a and b. The ||z1,n · h1,n ||2 α1,n
represents the desired signal of nth strong user from the set J while the signal
PP/2
2
j=1 ||z1,n · h2,j || α2,j represents the inter-set interference from weak users.
Here, it is assumed that the BS has N antennas and, hence, the resultant
channel matrices formed at the BS become square, which removes the intraset interference from other strong and weak users. In this case, each channel
vector and the ZF postcoding vector satisfies the following condition.
z1,j · h1,n = 0; ∀j 6= n, j ∈ {1, 2, ..., P/2} ,

(3.8)

However, if it is assumed that the BS is equipped with less than N antennas, then the resultant matrix becomes rectangular and hence, the strong
and weak users also encounter interference from other strong and weak users,
respectively. Consequently, the strong set is affected by a total interference
of I, which can be expanded as,

I=

P/2
X

2

||z1,n · h1,j || α1,j +

P/2
X

||z1,n · h2,j ||2 α2,j ,

(3.9)

j=1

j=1,j6=n

and the corresponding SINR becomes,
SIN R1,n =

where

PP/2

j=1,j6=n

||z1,n · h1,n ||2 α1,n
,
I + σn2

(3.10)

||z1,n · h1,j ||2 α1,j represents the intra-set interference from the
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other strong users, respectively.
For decoding of weak user signal, SIC is carried out so there will be no
interference in this case. Hence, after applying ZF matrix, the signals of
weak set become

r(2) = Z2 H2 s2 + Z2 n,

(3.11)

The received signal and corresponding SINR of nth weak user chosen from
the set J, becomes
√
(2)
r2,n = z2,n h2,n α2,n x2,n + z2,n n,

SIN R2,n

(3.12)

||z2,n · h2,n ||2 α2,n
=
.
σn2

(3.13)

In case of intra-set interference,
SIN R2,n = PP/2

||z2,n · h2,n ||2 α2,n

2
2
j=1,j6=n ||z2,n · h2,j || α2,j + σn

.

(3.14)

The rate of strong and weak user in SBD-NOMA across any sub-band is
given by

Rim = Wsb

P/2
X

log2 (1 + SIN Ri,j ) ; i ∈ {1, 2} ,

(3.15)

j=1

wherein Wsb is the sub-band bandwidth.
The summation of P users over all sub-bands m is K, where K ∈ ξ is the
total number of users and it belongs to the set ξ. In other words, we can say
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that n ∈ J ∧ J ∈ ξ. The total sum rate of the system is given by
K/P

Rsum =

X

Rim i ∈ {1, 2} .

(3.16)

m=1

Finally, the sum capacities of conventional OMA is written as,

Ri,OM A

K
X



|zi,k hi,k |2 αi,k
,
= W/K
log2 1 +
2
σ
k
k=1

(3.17)

From (3.16), it can be seen that the user power has a direct effect not only on
individual user data rate but also on the SINR of other users, which shows
the importance of power allocation in SBD-NOMA system.

3.2

Proposed Channel Allocation Algorithm

In the proposed UL SBD-NOMA scheme, both conventional OMA and NOMA
techniques are implemented simultaneously, therefore, the question of users
selection in a set is important. The grouping is done on the basis of the
channel gains between the users. This is because the user pairing has the
potential of reducing the complexity at the receiver side. The user pairing
strategy affects the overall throughput of the proposed scheme. Careful user
pairing not only improves the sum rate, but also has the potential to improve
the individual user rates. The grouping is done on the basis of the channel
gains between the users. The pairwise orthogonal users are grouped together
in the same sub-band to get full benefit of the NOMA within each sub-band.
The detailed algorithm for choosing the members of strong and weak set is
presented in Algorithm 1. The algorithm aims to minimize the interference
offered by the weak users to the strong users.
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The detailed algorithm for choosing members of strong and weak set is
presented in Algorithm 3.1. The algorithm aims to minimize the interference
offered by the weak user to the strong user.
In step 5 of the above algorithm, the user pairing is critical. It will
affect the overall sum capacity of the proposed SBD scheme. This is because
the performance of SBD is much dependent on the way the users are paired.
Careful user pairing not only improves the sum rate, but also has the potential
to improve the individual user rates.

3.3

Simulation Results

In this section, computer simulations are used to evaluate the performance
of the proposed SBD-NOMA schemes. We investigate the performance of
the SBD schemes and compare it with the conventional OMA and NOMA
techniques. The cell radius is assumed to be 1000m in which all the users
are randomly distributed. The channel coefficients are assumed to be independent and identically distributed (i.i.d) Rayleigh flat faded. The transmission power allocated to all users is 24dBm. The noise is assumed to be
zero mean circular-symmetric complex Gaussian having a noise density of
−174dBm/Hz. The overall system bandwidth is 4.32MHz. The path loss is
calculated by using the following model

P LdB = 30 + 10β log10 (d) ,

(3.18)

where d is the distance between the BS and the MS and β is the path loss
exponent, which is kept at 4 in this study. The working SNR is assumed to
be 10dB.
We have compared our proposed scheme with OMA and NOMA schemes.
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Algorithm 3.1 Strong and Weak Sets Formation and Subchannel Allocation
Algorithm
Initialization
1) A set ξ of K users, where K = {1, ..., k}.
2) H1 and H2
3) Number of antennas, N.
Iteration
1) All K users feedback their CSI to the BS. The BS creates a set M of
channel matrix, M=0(K×N ) , M = {h1 , h2 , ..., hk }.
2) The transmitter then calculates the frobenius norm of all users and
arrange it in descending order.
2
Mord = {|h1 |2 , |h2 |2 , ..., |hk | } where |hK |2 > |hK+1 |2 and
K ∈ {1, 2, ..., k}.
3) The transmitter then separates two sets H1 and H2 from Mord on the
basis of the channel gains that the user experience i.e., H1 ∪ H2 = Mord
and H1 ∩ H2 =φ.
H1 ={|h1 |, |h2 |, ...|hbK/2c |},
H2 ={|hbK/2c+1 |, |hbK/2c+2 |, ...|hK |},
b.c denotes the floor function. In H1 , the N users having the higher channel
gains are selected as the members of strong set A, while the remaining
users are selected as the members of the weak set, B. The respective
channel gains of strong and weak users are H1 and H2 . The users with
channel gains H1 are members of set A and users with channel gains H2
are members of setB.
h
i|
H1 = h1,1 h1,2 . . . h1,N ,
h
i|
H2 = h2,1 h2,2 . . . h2,N ,
4) Do head to tail pairing of users from both sets to get minimum interference.
5) For SBD NOMA, each Rayleigh fading channel matrix divides itself
into smaller matrices with dimension N × P/2, where P denotes the access
scheme. The smaller channel matrices and the
Pcorresponding user indexes
of strong and weak sets satisfy the condition K/p
i=1 Ai ∪ Bi = ξ. The users
from the two sets are paired in different sub-bands to reduce interference.
Go to 1).
End When all the N users from the two sets are paired in sub-bands.
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The first comparison is done in terms of sum capacity with a constant set of
power allocation coefficients. On the other hand, the second comparison is
done in terms of outage probability analysis. Furthermore, the effect of cell
radius is also taken into account in 3.4.
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Figure 3.2: Comparison of sum capacity of OMA, NOMA and proposed SBD
scheme.
Fig. 3.2 demonstrates the relationship between sum capacity and varying
the number of users, K. The figure compares the sum capacity of OMA,
NOMA and proposed SBD-NOMA schemes each having a fixed set of power
allocation coefficients. The primary observation of this section is comparing
the sum capacity of all multiple access schemes with the number of users and
examining the effect of number of users. The sum capacity improves with
the increase in the number of users but that improvement in not substantial
for NOMA4 and NOMA8 schemes after the number of users exceeds a certain
limit, because of significant interference. However, these schemes offer better
coverage probability and hence their outage probability is quite low and
they offer less complexity than the conventional NOMA technique. The
inconsistency in performance is because of the reason that SBD-NOMA can
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Figure 3.3: Outage probability analysis of SBD-NOMA.
reduce the achievable rates as dividing the entire bandwidth into sub-bands
cannot exploit the full potential of NOMA, where all users can occupy the
entire bandwidth. As bandwidth is directly proportional to each users’s data
rate, the effect is visible in the sum capacity analysis. However, dividing the
users into orthogonal groups will reduce the intra-set interference. The major
outcome of sharing is that the sum rate is expected to improve, which can
be further enhanced by properly allocating power to weak users. Also it can
be noticed that OMA techniques have a very poor spectrum fairness index
among the users. This is because there is exclusivity in resource allocation,
i.e., a resource block allocated to one user can not be used by any other user.
However, the fairness offered by SBD-NOMA is way better than OFDMA
with reduced complexity and signaling overhead at the BS. However, the
complexity offered by them is much less than the conventional UL NOMA
system. The NOMAK/2 scheme outperforms the OMA and conventional
NOMA techniques in terms of receiver complexity, decoding and offer better
throughput and fairness.
Fig. 3.3 shows the outage performance of OMA, NOMA and proposed
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Figure 3.4: Outage capacity analysis of OMA, NOMA and proposed SBD
scheme.
SBD schemes. It can be easily observed that the proposed SBD schemes
can achieve better outage performance as compared to conventional NOMA
especially NOMA2 and NOMAK/2 schemes. The decreasing trend of outage probability in SBD scheme is because of the fact that we are dividing
the bandwidth and noise variance accordingly which increases the individual
SINR of users. As a result, the rate offered by conventional OMA is minimum
but its outage probability is low, which increases the overall outage capacity of the conventional OMA system. The outage capacity is defined as the
maximum rate that can be maintained by each user multiplied with the success probability of the users. It shows a clear picture of system performance
for both data rates and success of each user. The outage capacity analysis
of SBD-NOMA is evaluated in 3.4. SBD-NOMA performs well in terms of
outage capacity as shown. We can derive an interesting result by combining Fig. 3.2 and 3.3 that although the conventional UL NOMA achieves
maximum sum capacity but it increases the receiver complexity and outage
probability to a great extent, which is practically not desired especially if the
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Figure 3.5: Impact of cell radius on SBD scheme (N=2, K=40).
number of users is very large. Hence in the situations where the user priority
is reduced complexity, cost and enhanced QoS, SBD-NOMA schemes should
be preferred over conventional UL NOMA, which provide better rate and a
fairly reliable transmission scheme.
In Fig. 3.5, the impact of cell radius on the performance of OMA, NOMA
and SBD-NOMA is demonstrated. It can be seen that SBD-NOMA performs
better than the conventional NOMA if the cell radius is assumed to be very
small. However, NOMA outperforms at other values, but as the cell radius increases, the inter-set interference offered to NOMA by weak set also
enhances, which increases the decoding complexity at the receiver side.
Fig. 3.6 shows the effect of user pairing in SBD-NOMA. It can be seen
that the user pairing affects the overall sum rate of the system. Different user
pairing strategies have been discussed in the literature. The best performance
occurs by pairing users head to tail. This is because of minimum inter-set
interference. The same trend is shown in the figure.
Finally, the effect of changing system bandwidth and path loss exponent
on the performance of SBD-NOMA has been evaluated for K = 40. De-
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Figure 3.6: Impact of user pairing on SBD scheme.
Table 3.1: Percentage Decrease in Sum Capacity by Changing System Bandwidth
System Bandwidth
OMA
NOMA
NOMA-(K/2)
2.16 MHz
39.1 %
45.7 %
39.7 %
1.08 MHz
63.90 %
70.50 %
64.80 %
System Bandwidth NOMA-(K/N) NOMA-(K/4) NOMA-(K/8)
2.16 MHz
43.10%
42.14 %
41.25 %
1.08 MHz
67.60 %
67.20 %
66.72 %
Table 3.2: Percentage Increase in Sum Capacity by reducing Path loss Exponent
Path loss Exponent
OMA
NOMA
NOMA-(K/2)
3.76
34.1 %
41.9%
29.2 %
3.1
70 %
59.0 %
58.7 %
Path loss Exponent NOMA-(K/N) NOMA-(K/4) NOMA-(K/8)
3.76
27.9%
27.3 %
18 %
3.1
57.39%
46.9 %
39.7 %
creasing the system bandwidth to 2.16MHz and 1.08MHz reduces the sum
capacity as compared to 4.32MHz. The percentage decrease for each SBDNOMA scheme is shown in Table 3.1. Reducing the system bandwidth to one
half almost decreases the sum capacity to 40% for each scheme. Similarly,
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decreasing the system bandwidth to one quarter reduces the sum capacity in
a range of 60 to 70%. The percentage decrease in sum capacity is highest for
NOMA, as the number of interferers is large for NOMA. Similarly, decreasing
the path loss exponent increases the sum capacity as shown in Table 3.2. The
percentage increase in sum capacity is not substantial for NOMA8 scheme.
However, it can be observed that NOMA2 dominates NOMAK/2 at path loss
exponent of 3.1.

Chapter 4
Power Allocation in
SBD-NOMA
In this chapter, we perform optimal power allocation to improve the performance of the proposed MIMO-NOMA system.

4.1

Proposed Power Allocation

In the previous chapter, constant power allocation coefficients are considered.
However, dividing the users into orthogonal groups cannot exploit the full
potential of NOMA with the exception that the complexity at the receiver
side is reduced. Therefore, more sophisticated choices of power allocation are
considered in this chapter. It is worth pointing out that optimizing power
allocation according to instantaneous channel conditions further improves
the performance of MIMO-NOMA system. This leads to the formation of
SBD-NOMA system with optimal power allocation. The main purpose is
to maximize the sum rate across all sub-bands by allocating optimal power
and also provide some degree of fairness to each user. The corresponding

xl

CHAPTER 4. POWER ALLOCATION IN SBD-NOMA

xli

resource allocation problem considers the number of users in each sub-band,
the choice of user pairing and the power allocated to each sub-band. The
framed optimization problem maximizes the sum rate while also ensures fairness in the system. For the sake of simplicity, we are assuming two users in
each sub-band while the total number of users is K. Instead of allocating
power values to each sub-band through iterative water filling, the power allocated across each sub-band is assumed to be equally allocated, which would
reduced the signaling overhead and complexity of the proposed numerical
solutions. However, in general, the sum rate is not convex in nature for
more than two transmitting sources, hence, the solution is proposed here for
NOMA2 . The numerical solution for other schemes is not proposed here due
to duality gap in transformation from non-convex to convex function.
Lemma 1: The achievable sum rate of the system is concave in nature
for more than two transmitting sources.
Proof: See Appendix A.
Mathematically, the problem is formulated as
maximize
αi,j

Rim

subject to α1,j + α2,j ≤ PT , ∀j

(4.1)

αi,j ≥ 0, ∀i, ∀j
Rim,j ≥ rmin , where j ∈ J,
where (4.1) represents the constraints of the framed optimization problem,
PT is the total power allocated to users within a particular sub-band, Rim
represents the data rate across each sub-band, Rim,j represents the individual
data rate of j th user and rmin represents the minimum target rate to maintain
fairness among the users. The users are already paired and are chosen from
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two distinct sets to reduce the inter-set interference, where
P/2
X

αi,j = PT , ∀i.

(4.2)

j=1

4.1.1

Framed optimization problem

Taking into account the objective function described above and solving the
optimization problem through Lagrange multipliers leads to the following
formulation of the objective function denoted by F , i.e.,

P/2
P/2
P/2
X
X
X
F = Rim +
λj (PT − α1,j − α2,j )+
κj (R1m,j − rmin )+
τj (R2m,j − rmin ) ,
j=1

j=1

j=1

(4.3)
where λj , κj and τj represent the Lagrange multipliers. Using the standard
procedure, by differentiating F with respect to all α1,j and α2,j and by setting
them equal to zero, we obtain a non-linear system of 5|J| equations having
5|J| unknowns, where |J| denotes the cardinality of set J. For the sake
of simplicity, the derivatives here are taken only for α1,j , α2,j , τj , λj and
κj . A similar procedure can be used for other variables as well. The entire
procedure is repeated over all sub-bands to maximize the overall sum rate.
We obtain

∂F/∂α1,j =

||z1,j

Wsb ||z1,j · h1,j ||2
− λj
· h2,j ||2 α2,j + σj2 + ||z1,j · h1,j ||2 α1,j
− κj

||z1,j

Wsb ||z1,j · h1,j ||2
, (4.4)
· h2,j ||2 α2,j + σj2 + ||z1,j · h1,j ||2 α1,j
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∂F/∂α2,j = −
− λj + κj

||z1,j

xliii

||z2,j · h2,j ||2
Wsb ||z1,j · h1,j ||2 ||z1,j · h2,j ||2 α1,j
+
· h2,j ||2 α2,j + σj 2 + ||z1,j · h1,j ||2 α1,j ϕ ||z2,j · h2,j ||2 α2,j + σj2

Wsb ||z1,j · h1,j ||2 ||z1,j · h2,j ||2 α1,j
Wsb ||z2,j · h2,j ||2
+
τ
,
j
||z1,j · h2,j ||2 α2,j + σj2 + ||z1,j · h1,j ||2 α1,j ϕ
σj2
(4.5)

where ϕ = ||z1,j · h2,j ||2 α2,j + σj2 .
∂F/∂λj = PT − α1,j − α2,j ,


||z1,j · h1,j ||2 α1,j
∂F/∂κj = Wsb log2 1 +
− rmin ,
||z1,j · h2,j ||2 α2,j + σj2


||z2,j · h2,j ||2 α2,j
− rmin ,
∂F/∂τj = Wsb log2 1 +
σj2

(4.6)



(4.7)

(4.8)

α1,j · ∂F/∂α1,j = 0,

(4.9)

α2,j · ∂F/∂α2,j = 0,

(4.10)

λj · ∂F/∂λj = 0,

(4.11)

κj · ∂F/∂κj = 0,

(4.12)

τj · ∂F/∂τj = 0,

(4.13)
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where α1,j , α2,j , λj , κj , τj ≥ 0. Solving the above Equation (4.4) for the Lagrange variable λj , and substituting it in (4.5) and the value of α2,j from
(4.6) gives the value of α1,j . The α1,j turns out to be

√
α1,j =

ϕbj (−2ϕcj (rmin + τj ) + ϕaj (2rmin + κj + τj )(ϕcj PT + σj2 ))
p
2 (ϕbj )(ϕaj − ϕcj )ϕcj (rmin + τj )
q
p
√
ϕaj (ϕcj PT + σj2 ) ϕaj ϕbj ϕcj PT (κj − τj )2 + Ψ1 + Ψ2
p
, (4.14)
−
2 (ϕbj )(ϕaj − ϕcj )ϕcj (rmin + τj )

where Ψ1 = ϕbj (−4ϕcj (rmin + κj )(rmin + τj ) + ϕaj (2rmin + κj + τj )2 )σj2 and
Ψ2 = 4ϕcj (−ϕaj + ϕcj )(rmin + κj )(rmin + τj )σj2 . The ϕaj , ϕbj and ϕcj are
given by ϕaj = ||z1,j · h1,j ||2 , ϕbj = ||z2,j · h2,j ||2 , ϕcj = ||z1,j · h2,j ||2 .
The value of α2,j is derived by substituting the value of α1,j in (4.6) and
is given by
α2,j = PT − α1,j .

4.2

(4.15)

Extension to SBD-NOMA with P users
in each sub-band

To investigate the scenario of more than two users in each sub-band, multistage power allocation is proposed. In the first stage, the users form two
distinct sets A and B on the basis of algorithm presented in Algorithm 3.1.
After this step, two sub-bands from sets A and B are formed, each having
equal number of users. The power allocated to each sub-band is equal to half
of the total transmission power. In this scenario, the channel gains become
the sum of all channel powers in the two sub-bands. The same procedure for
SBD-NOMA2 is repeated for power allocation within the two sub-bands. In
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the second stage, the two sub-bands further divide themselves into smaller
sub-bands, i.e., two sub-bands are formed in each sub-band of the previous
stage with the total power per sub-band as determined in the first stage.
In the third stage, these sub-bands further divide into smaller sub-bands to
allocate power to all users. The procedure is repeated until all users are
allocated with an optimal transmission power.

4.3

Simulation results for the proposed power
allocation

In these simulation, we plot the results for a UL SBD-NOMA system with
proposed power allocation coefficients. The same parameters have been considered as in the previous chapter. We then analyze these results from different perspectives to establish meaningful and valuable insights.
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Figure 4.1: Coverage probability comparison of NOMA2 , NOMA4 ,
different power allocation schemes and NOMA technique.

K/2

with

Fig.4.1 compares the coverage probability of conventional NOMA and
SBD-NOMA with different power allocation schemes. Coverage probability
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is defined as the probability that a certain number of users achieves a data
rate greater than the target data rate, which is taken as 3.34 Mbps in this
study. It can be easily seen that SBD-NOMA performs well as compared
to NOMA in terms of coverage probability. The coverage probability of
FPA and EPAS is even better in this case as compared to the proposed
approach, however, EPAS being the simplest criteria of allocating power to
users does not perform well, as it allocates equal power to all users and
therefore treats the weak users in the same manner as the strong ones. The
SBD-NOMA provides every pair a power that suits their channel gain, which
allows a balance between the required power, fairness and the target rate
with total power allocation constraint across each sub-band. Although, the
optimal NOMA scheme shows greater sum rate but its coverage probability
in this scenario is less than the optimal solution even after proposed power
allocation. The same trend is depicted in the Fig.4.1.
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Figure 4.2: Outage capacity comparison of NOMA2 , NOMA4 ,
ferent power allocation schemes and NOMA technique.
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Fig. 4.2 shows the outage capacity of SBD-NOMA with conventional
NOMA scheme. The outage capacity is larger for SBD-NOMA2 with the
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proposed power allocation scheme. The proposed power allocation in NOMA
increases the outage capacity as compared to the NOMA with EPAS but
the increase is quite substantial. However, with equal power allocation, the
system treats the weak users in the same way as strong users. As strong users
get significant interference from weak users, hence, the capacity of strong
users gets degraded. The optimal power allocation in SBD-NOMA ensures
fairness in the system by imposing an upper limit on each user’s individual
data rate as compared to EPAS and FPA schemes. The performance margin
in NOMA and SBD-NOMA with and without power allocation is quite high
in terms of outage capacity. From this figure, it is clear that the proposed
power allocation scheme performs better than the existing ones.

Chapter 5
Outage Probability in
SBD-NOMA
In this chapter, outage probability of SBD-NOMA is evaluated for a ZF
postcoded receiver.

5.1

Outage Probability analysis

The outage probability is an important performance metric as it measures the
probability of unsuccessful signal decoding for a given service. The outage
probability experienced by any nth user in weak set can be defined as

Po = 1 − P r(SIN R2,n > rmin )
 ||z · h ||2 α

2,n
2,n
2,n
= 1 − Pr
>
r
,
min
σn2

(5.1)

Building on the above Equation (5.1), the outage probability experienced
by any nth user in strong set can be written as,
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Po = 1 − P r(SIN R1,n > rmin )


||z1,n · h1,n ||2 α1,n
= 1 − P r PP/2
> rmin ,
2
2
j=1 ||z1,n · h2,j || α2,j + σn

xlix

(5.2)

In the above expressions, there is no intra-set interference. Here, it is
assumed that the BS is equipped with N antennas and, hence, the number
of interferers from the weak set are also N , therefore, it may be stated that
the strong users are only affected by inter-set interference from the weak
users. Furthermore, Z2 H2 =Ik and z2,n h2,j =δnj where δnj = 1 for n = j
and 0 otherwise. The same holds true for the strong users as well. We first
derive the approximate PDF of the SINR of the users in strong and weak
sets, respectively.

5.2

Approximate PDF of SINR for weak users

To derive the PDF of the SINR of weak users, the SINR given by (3.13), can
be written as,
SIN R2,n =

α2,n
α2,n
α2,n
,
,
.
∗
2
2
2
σn
||z2,n || σ
[(H2 H2 )−1 ]nn σ 2

(5.3)

Denoting the SINR defined in (5.3) with a random variable (RV) Y, it becomes
SIN R2,n =

α2,n
,
Y σ2

(5.4)

where Y = [(H∗2 H2 )−1 ]nn . From (5.4), it is obvious that we can derive the
PDF of SINR provided that the PDF of Y is known. The RV Y in the
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denominator of (5.4) is expanded as

 ∗
(H2 H2 )−1 nn =

1
(h2,n

)∗ h

2,n

− (h2,n

)∗ H

∗
−1
∗
2n (H2n H2n ) h2,n (H2n )

,

(5.5)

where H2n is the sub matrix obtained after removing the nth column from
the matrix H2 . Hence,
SIN R2,n =

α2,n (h2,n )∗ h2,n − (h2,n )∗ H2n (H∗2n H2n )−1 h2,n (H2n )∗
.
σ2

(5.6)

Generally, for any N × K Rayleigh fading matrix, the expression in the
numerator of (5.6) follows a gamma distribution with shape parameter N −
K+1 and scale parameter 1, i.e., Γ(N −K+1, 1). This is because it represents
sum of independent and identically distributed (i.i.d.) exponential RVs each
having a unit mean and the PDF is given as

fY (y) =

y (N −K) exp(−y)
.
Γ(N − K + 1)

(5.7)

However, in the above case, there are N users in each set and the channel
gains are Rayleigh faded with path loss. Therefore, the expression in the
numerator of (5.6) follows a gamma distribution with shape parameter 1 and
scale parameter λin i.e., Γ(1, λin ), where λin is the mean power experienced
by the nth user because of path loss. The Γ(1, λin ), with shape parameter 1
converges to an exponential distribution given by

fY (y) =

1
−y
exp( ),
λin
λin

(5.8)

Multiplication with power allocation coefficient α2,n and division by the noise
variance σ 2 , both of which are constants for a particular user will only change
the mean parameter of the RV Y . Hence, the final closed-form expression
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for the PDF of the SINR of weak user becomes
fY (y) =

1
−y
exp( ),
τin
τin

(5.9)

where τin is the modified mean. To calculate the outage, we have
Z

∞

fY (y)dy.

P r(SIN R2,n > rmin ) =

(5.10)

rmin

Using (5.1), we obtain the outage probability of weak users.

5.3

Approximate PDF of SINR for strong users

To derive the PDF of SINR of strong users, the SINR given by (3.7) can be
written as

SIN R1,n = PP/2

j=1

α1,n
||z1,n · h2,j ||2 α2,j + ||z1,n ||2 σ 2
α2,n
, PP/2
. (5.11)
∗
2
−1
2
j=1 ||z1,n · h2,j || α2,j + [(H1 H1 ) ]nn σ

Denoting the SINR defined in (5.11) with RV X and T , it becomes
SIN R1,n =

α1,n
,
X + T σ2

(5.12)

where T = [(H∗1 H1 )−1 ]nn . To calculate the PDF of the SINR of strong
users, we need to calculate the PDF of the RV X and T . The PDF of the
product of T σ 2 is already known from above. To derive the density function
of interference represented by X, notice that X is a sum of exponential RVs
and its PDF is given by Gamma distribution, i.e.,
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X=

P/2
X

lii

||z1,n · h2,j ||2 α2,j ,

(5.13)

x(v−1) exp(−x/Ω)
,
Γ(v)Ωv

(5.14)

j=1

fX (x) =

E[X]2
and Ω = var[X]
where v = var[X]
E[X] . To derive the analytical expressions for v
and Ω, we assume independent interfering signals from weak users, where the

power allocation coefficient α2,j is considered as a constant for a particular
user. Hence, the mean and variance of X can be written as

E[X] =

P/2
X

α2,j E[Wj ],

(5.15)

2
α2,j
var(Wj ).

(5.16)

j=1

where Wj = ϕcjn = ||z1,n · h2,j ||2 and

var(X) =

P/2
X
j=1

It can be seen that the PDF of Wj is also gamma distributed with unit scale
parameter. The general expression of the PDF for the case N ≥ K can be
written as,
fW (w) =

K N −K+1 exp(−Kx)wN −K
,
Γ(N − K)

(5.17)

E(Wj ) = 1,

(5.18)

var(Wj ) = 1.

(5.19)

Therefore, the values of v and Ω are given by
P
2
( P/2
j=1 α2,j )
v = PP/2
,
2
α
j=1 2,j

(5.20)
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PP/2

Ω=

j=1
PP/2
j=1

2
α2,j

α2,j

.

liii

(5.21)

Using (5.20) and (5.21), PDF of X can be computed. The PDF of the
product T σ 2 is already known. The addition of two independent gamma
random variables is also gamma distributed. The numerator of (5.11) is just
a power allocation coefficient α1,n , which is considered as a constant, hence,
just change the scale parameter of resultant gamma distribution. Therefore,
the final expression for the PDF of SINR can be written as
fU (u) =

u(s−1) exp(−u/Ωw )
,
Γ(s)Ωsw

(5.22)

where s and Ωw are the resultant shape and scale parameters, respectively.
To calculate the outage, we have
Z

∞

P r(SIN R1,n > rmin ) =
rmin

u(s−1) exp(−u/Ωw )
du,
Γ(s)Ωsw

(5.23)

Equation (5.23) can be expanded as
s
r
)f
−rmin X ( Ωmin
w
exp(
)
.
Ωw f =o f !

(5.24)

By using the above equation, coverage probability can be computed. Hence,
by using (5.2), we obtain the outage probability of strong users.
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Figure 5.1: Sum capacity of SBD-NOMA for K ≥ N .

5.4

Simulation results for the outage probability analysis

Fig. 5.1 and 5.2 depict the sum capacity and outage probability of SBDNOMA with no intra-set interference. It can be observed from the figure
that with no intra-set interference, the sum rate is inversely proportional to
the number of sub-bands. However, NOMAK/2 nominates NOMA with increasing number of users. This is because of minimum weak set interference.
The outage probability for K ≥ N is less as compared to the conventional
SBD-NOMA discussed above. The same trend is shown in the figure.
Fig. 5.3 shows the outage probability of strong users for K ≥ N . The
outage probability of SBD-NOMA in this scenario is less than the conventional UL NOMA with inter-set interference. The same trend is shown in
the figure.
In Fig. 5.4, the outage probability of weak users for K ≥ N is shown.
As weak users have poor channel gains so their outage probability is quite
high as compared to the strong users. Fig. 5.4 shows the same trend. The
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Figure 5.2: Outage probability of SBD-NOMA for K ≥ N .
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Figure 5.3: Outage probability of strong users for K ≥ N .
comparison between the analytical and simulations results is shown in Fig.5.5.
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Figure 5.4: Outage probability of weak users for K ≥ N .
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Figure 5.5: Comparison of analytical and simulation result for K ≥ N .

Chapter 6
Conclusions
This chapter summarize the contributions of this research and also suggest
some possible future directions.
In this thesis, we discussed and analyzed the performance of a SBDNOMA, a promising enabler for 5G. We have investigated the performance
of SBD-NOMA, which is an OFDMA-based NOMA system with other multiple access schemes, OMA and NOMA. The paper also discussed the power
allocation problem for SBD-NOMA. From a practical implementation point
of view, a maximum of 2 users are allowed to share a resource block, however, in this case P users are allowed to share a resource block while the
total number of users in the system is K. Approximate closed-form expressions for the outage probability of strong and weak users in SBD-NOMA
are derived. The performance gap is evaluated in terms of several metrics
and parameters e.g., outage capacity, energy efficiency, sum rate etc. The
results presented herein paint a favorable picture that SBD-NOMA performs
better than NOMA in terms of achievable rates. The proposed SBD scheme
also offered better sum rates with reduced complexity especially in massive
access scenarios. The proposed scheme with under different path loss and
lvii
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power allocation outperformed the EPAS and FPA schemes.
As possible future directions of this research work, we suggest the following:
 Working with imperfect CSI rather than perfect CSI.
 Including massive MIMO technology.
 Working on receiver designing for more optimization.
 Extending this work to multi-cell scenario.
 Incorporating Antenna selection.
 Working with the proposed SBD-NOMA in downlink and changing the

scenario accordingly.

Appendix A
Concavity of Sum rate
A.1

Proof of Lemma 1

The achievable sum rate of the system given by (3.16) is expanded as

Rsum =

1 X
Wsb Rrr ,
ln2 m

(A.1)

where


Rrr = ln ||z1,n · h1,n ||2 α1,n +

P/2
X

||z1,n · h1,j ||2 α1,j +

j=1,j6=n


−ln 

P/2
X

||z1,n · h1,j ||2 α1,j +

P/2
X



P/2

+ ln 

X


||z1,n · h2,j ||2 α2,j + σn2 

j=1





||z1,n · h2,j ||2 α2,j + σn2 −ln 

j=1

j=1,j6=n

P/2
X

P/2
X


||z2,n · h2,j ||2 α2,j + σn2 

j=1,j6=n


||z2,n · h2,j ||2 α2,j + σn2 + ||z2,n · h2,n ||2 α2,n  , (A.2)

j=1,j6=n

For notational simplicity, let ϕan =||z1,n ·h1,n ||2 , ϕbn =||z2,n ·h2,n ||2 , ϕcn =||z1,n ·
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h2,n ||2 and ϕcjn =||z1,n · h2,j ||2 .

Rsum


" 
P/2
P/2
X
X
X
1
Wsb ln ϕan α1,n +
=
ϕajn α1,j +
ϕcjn α2,j + σn2 
ln2 m
j=1
j=1,j6=n


P/2
X
+ ln 
ϕbjn α2,j + σn2 + ϕbn α2,n 
j=1,j6=n


− ln 

P/2
X

ϕajn α1,j +

P/2
X





ϕcjn α2,j + σn2  − ln 

j=1

j=1,j6=n

#

P/2
X

ϕbjn α2,j + σn2  ,

j=1,j6=n

(A.3)
To prove Lemma 1, we need to find the Hessian matrix of (A.2). For this,
take the second derivative with respect to α1,n and α2,n .

2
∂Rrr /∂α1,n
=

2
∂Rrr /∂α2,n
=

−ϕ2an
(ϕan α1,n +

PP/2

(ϕan α1,n +

PP/2

j=1,j6=n ϕajn α1,j +

PP/2

2 2
j=1 ϕcjn α2,j + σn )

(A.4)

−ϕ2cn
j=1,j6=n

ϕajn α1,j +

PP/2

j=1

ϕcjn α2,j + σn2 )2

ϕ2cn
+ PP/2
P
2 2
( j=1,j6=n ϕajn α1,j + P/2
j=1 ϕcjn α2,j + σn )
ϕ2bn
− PP/2
(A.5)
( j=1,j6=n ϕbjn α2,j + σn2 + ϕbn α2,n )2

∂Rrr /∂α1,n ∂α2,n =

−ϕan ϕcn
(ϕan α1,n +

PP/2

j=1,j6=n

ϕajn α1,j +

PP/2

j=1

ϕcjn α2,j + σn2 )2
(A.6)
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As the Hessian matrix is negative semi-definite, because for any vector the
answer will always be ≤ 0, which implies that it is concave in nature. This
has been proved by following the arguments similar to the one made in [21].
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