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ABSTRACT

This paper investigates a new spectrum sharing strategy using non-orthogonal multiple access (NOMA), a technique that
is expected to lead towards the fifth generation (5G) of wireless networks. 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. 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. 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 evaluation is carried out in terms of receiver complexity, average sum rate and outage
probability. Simulations results are provided to access and compare the performance of the proposed scheme with other

contemporary approaches. Copyright (©) 2016 John Wiley & Sons, Ltd.
*Correspondence
School of Electrical Engineering & Computer Science (SEECS), National University of Sciences & Technology (NUST), Islamabad,

Pakistan. E-mail:14mseesqureshi@seecs.edu.pk

1. INTRODUCTION

RECENTLY, many research studies focus on designing
future mobile networks, which are capable of supporting
the overwhelming demand for data traffic in 2020 and
beyond. One of the challenges to meet the future traffic
demand is to provide high spectral efficiency, which is
possible by efficient design of multiple access schemes in
future cellular networks in addition to other technologies.
The demand to design the next generation wireless net-
works has long been sought. Several metrics and param-
eters have been considered as performance measures, e.g.,

spectral efficiency, reliability, quality of service (QoS),
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efficient utilization of radio resources and energy effi-
ciency etc. Researchers from both industry and academia
are exploring the domains of a multitude of techniques for
future networks including device-to-device (D2D) commu-
nication, ultradensification, millimeter wave (mmWave)
communication, massive multiple-input multiple-output
(MIMO) and novel multiple access schemes under the
umbrella of fifth generation (5G) networks [1, 2].

The design of an appropriate multiple access method
is one of the most significant challenge in optimizing
the system capacity. The multiple access methods can
be sketchily branded into two main methods; orthogonal
multiple access (OMA) and non-orthogonal multiple
access (NOMA) [3]. An orthogonal scheme permits
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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 frequency-
division multiple access (OFDMA) are the examples of
OMA schemes.

NOMA, on the other hand, is considered as a candidate
multiple access scheme for 5G wireless networks because
of its ability to share space resource among multiple
users in addition to other benefits being offered. By
virtue of this property, NOMA provides higher spectral
efficiency, reduced latency, massive connectivity, ultra-
fast speeds and user fairness [4] as compared to the
traditional multiple access techniques. The key feature
of NOMA is to explore the multiplexing gain in power
domain. NOMA superimposes user signals on top of one
another at the transmitter and uses successive interference
cancellation (SIC) at the receivers, thus accommodating a
large number of users via non-orthogonal resource sharing.
Contrary to the conventional water-filling power allocation
strategy, 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) to set power difference
between the users that allows postcoding to suppress
or minimize the interference and exploits the gain from
NOMA within 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 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.

1.1. Literature and Motivation

The concept of NOMA is not new as it can be
linked to many well-known methods used in 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. study the ergodic sum rate and outage
performance of downlink (DL) NOMA with randomly
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deployed single antenna nodes in [6]. Other work on
resource allocation in DL NOMA has been characterized
in [7]. Recently, some attempts are made to combine
NOMA with MIMO to achieve high spectral efficiency as
the application of MIMO to NOMA provides additional
degrees of freedom [5]. However, the scheme proposed
in [5] does not need channel state information (CSI)
at the transmitter, rather it requires the larger number
of receive antennas as compared to the transmitter.
Most of existing work on MIMO-NOMA, such as [8]
and [9], has assumed perfect knowledge of CSI at the
transmitter, which is difficult to realize in practice. The
perfect CSI assumption can consume high bandwidth
particularly in massive MIMO scenarios [10]. In [11], 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. A massive MIMO-
NOMA downlink transmission protocol is proposed
recently, which does not require the users to feed their
channel matrices back to the BS. Some other works
include [12] and [13]. Various algorithmic frameworks
for optimizing the design of beamforming in the NOMA
transmission system have been considered in [14]. In [15]
an optimization problem is formulated for various MIMO
NOMA scenarios. A signal alignment based precoding
scheme was developed in [16], which requires fewer
antennas at the users compared to the scheme proposed
earlier in [5]. Power allocation between two users is
carried out for open-loop MIMO downlink transmissions
(i.e., the BS allocates the power to two users signals
based on statistical CSI. In [17], a zero-forcing (ZF)-based
beamforming and user pairing scheme is proposed for the
DL multiuser NOMA system, assuming perfect CSI at
the transmitter. More details on MIMO NOMA can be
found at [18]. Both the papers [19], [20] have also worked
on the downlink scenario. The number of the candidate
users in the above paper is not more than N4z, which
is fixed to 2 in that proposed paper. Similarly, [19] also
solved the power allocation problem for a DL scenario
as a many-to-many matching game with externalities and
a geometric programming, which is one of the efficient
method to solve the resource allocation problem, the other
being optimization theory and the coalition formation
games. An uplink (UL) NOMA transmission scheme is
proposed in [21]. Similarly, in [22], the impact of user
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pairing is characterized by analyzing the sum rates in two
NOMA systems. Some other existing work, for e.g., [23],
[24], [25] and [26] on the design of UL NOMA for 5G
wireless network has been proposed. Recent works on
uplink NOMA are considered in [27] and [28]. An uplink
power back-off policy was proposed to distinguish users
in a NOMA cluster with nearly similar signal strengths
(given that traditional uplink power control is applied).
Closed-form analysis was performed for ergodic sum-
rate and outage probability of a two-user NOMA cluster.
Further, the problem of user scheduling in uplink NOMA
has been investigated by various researchers in [29].
However, the performance gain of [29] is limited due to
the use of naive power control schemes such as fixed
power allocation (FPA) and FTPC for multiplexed users.
A joint subcarrier allocation and power control in uplink
NOMA is investigated in [30] with perfect SIC at the
BS, which is proved to be NP-hard and solved by a near-
optimal solution based on Lagrangian duality and dynamic
programming (LDA). A game theoretic algorithm for
uplink power control has been designed in [31] considering
a two-cell NOMA system, where inter-cell interference is
assumed to be Gaussian distributed. However, most of the
previous works on MC-NOMA considers only two user
scenario such as in [31] and [32]. The proposed scheme
also offers high computational complexity as compared
to our work. Other work on multi-carrier NOMA is
considered in [33]. In conventional multicarrier systems,
a given radio frequency band is divided into multiple
orthogonal subcarriers and each subcarrier is allocated to
at most one user to avoid multiuser interference (MUI).
The spectral efficiency of such systems can be improved
significantly by performing the joint user scheduling
and power allocation. In fact, spectral efficiency can
be further improved by applying NOMA in multicarrier
systems by exploiting the degrees of freedom offered by
multiuser diversity and the power domain simultaneously.
In [4], the authors demonstrated that MC-NOMA systems
employing a suboptimal power allocation scheme achieve
system throughput gains over conventional MC-OMA
systems. The authors of [34] proposed a suboptimal
joint power and subcarrier allocation algorithm for MC-
NOMA systems. Yet, the resource allocation schemes
proposed in [4], [34] are strictly suboptimal. Some other
significant works include the combination of NOMA with

cooperative communications and mmWave, which has
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been characterized in[35, 36]. System level performance
of an OFDMA-based NOMA system with fractional
transmit power allocation (FTPA) and equal transmit
power allocation (ETPA) is considered in [37]. Some
other work on power allocation has been discussed in
[38, 39]. In [40], 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. Similarly, in these
existing works, the maximum achievable improvement
in spectral efficiency of optimal MC-NOMA systems
compared to MC-OMA systems is also still unknown.
Therefore, for an UL OFDMA-based NOMA system, we
have proposed a hybrid multiple access scheme. Compared
to these existing works, the motivation of this paper is as
follows:

In conventional OMA schemes, multiple users are
allocated with radio resources that are orthogonal in
time, frequency, or code domain. Ideally, no interference
arises due to orthogonal resource allocation, hence, simple
single-user detection can be used to separate different users
signals. NOMA, on the other hand, allows controllable
interference by non-orthogonal resource allocation at the
expense of enhanced receiver complexity. In NOMA,
all the users can use resources simultaneously, which
leads to interuser interference. Hence, more complicated
multi-user detection (MUD) techniques are required to
retrieve the users signals at the receiver. The optimal
approach for uplink NOMA is to allow all the users
to share each resource element, and the users power
allocated through iterative water-filling [41]. However,
in the optimal (unconstrained) NOMA scheme, there
is no control over the number of users that share
each subcarrier, which makes the MUD at the receiver
infeasible. This problem can be mitigated by imposing an
upper-limit on the number of users per resource to reduce
the receiver complexity. In order to further reduce the
interference, we have also divided the available bandwidth
into identical orthogonal groups. The proposed scheme
not only reduces the number of MUD but also offers
reduce complexity and interference. It also eliminates the

need of complex receiver designing, which reduces the
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cost and also provide enhanced quality-of-service (QoS).
Hence, situations where user priority is reduced cost and
enhanced QoS, SBD-NOMA schemes should be preferred
over conventional UL NOMA that provide better rate
and a fairly reliable transmission scheme. Therefore, in
order to manage the inter-set interference efficiently, for
the UL of an OFDMA-based NOMA system, we propose
a suboptimal algorithm known as successive bandwidth
division (SBD)-NOMA. As the proposed scheme involve
a hybrid multiple access scheme SBD-NOMA, consisting
of both orthogonal and non-orthogonal transmissions,
therefore, it inherits the advantages of both techniques.
In the proposed scheme, the total number of users are
orthogonally divided into different sub-bands on the basis
of their channel state information (CSI) with limited
number of users in each sub-band. Depending upon the
number of users in each sub-band, the total bandwidth is
divided into orthogonal groups. “Hence, the SBD scheme
divides the available bandwidth W, of K users, into K /P
identical orthogonal sub-bands, each having a bandwidth
of Wy, where P is the number of users in each sub-
band. Hence, the successive addition of users in the
system divides the bandwidth successively into orthogonal
bands”. Because of the orthogonality among the group
of users, no joint processing is required at the receiver
side to retrieve the users signals. As the proposed scheme
captured the aforementioned properties we name it SBD-
NOMA scheme. To illustrate the concept further. Please
see Fig.l. In this Figure the users are occupying the
whole available bandwidth in case of NOMA system. It
accommodates all users in the same frequency band. This
is not the case with OMA. In OMA all the users have
separate identical orthogonal sub-bands. The bandwidth
available to each user reduces by a factor of 1/K. There
is a single user in each sub-band and the resource block
allocated are completely orthogonal. For SBD-NOMA,
the users are divided into identical orthogonal sub-bands.
However, there does not exist a single user for single
sub-band. The number of users in each sub-band is P.
The total number of sub-bands is K = P. For P = 2,
the SBD NOMA specializes to NOMA,, for P = 4 the
SBD-NOMA specializes to NOMA,. Similarly, for P =
8 the SBD-NOMA specializes to NOMAg. 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
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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. In this paper, we mainly focus on the
power allocation for MIMO-NOMA when CSl is available
at the BS. The main contribution of this paper are as

follows:

e We first consider an OFDMA-based MIMO-
NOMA UL scenario, known as SBD-NOMA,
with a fixed set of power allocation coefficients.
There are many differences between an uplink
and a downlink NOMA system in terms of
implementational complexity, intra cell/ intra
cluster interference, SIC at the receiver etc.,
which can be found in [42]. The performance of
this proposed SBD-NOMA is characterized with
conventional OMA by using the criteria of sum
capacity and outage probability.

e An approach to perform the optimal power alloca-
tion 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.

e Under Rayleigh fading, the probability den-
sity function (PDF) of the received signal-to-
interference plus noise ratio (SINR) is approxi-
mated by a gamma distribution and closed-form
expressions for the outage probability are presented
for SBD-NOMA with no intra-set interference.

1.2. Organization

The paper is organized as follows. Section 2 presents the
system model of UL SBD-NOMA scheme with multiple
antennas along with the algorithm for strong and weak set
formation and subchannel allocation. Section 3 formulates

the sum rate maximization problem and discusses the
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optimal solutions for two user scenario. Closed-form
expressions of outage probability are derived in Section 4.
Simulation results and discussion are provided in Section

5. The paper is concluded with some remarks in Section 6.

1.3. Notation

Matrices and vectors are denoted by upper and lower-
case boldface letters, respectively. The superscripts (.)7,
()" and (.)* denote the transpose, inverse and complex
conjugate, respectively. For a matrix H, h; ., represents
the (i,m)"" element of H. The CN (0,1) represents the
distribution of circularly symmetric complex Gaussian

(CSCG) random vector with zero mean and unit variance.

2. SYSTEM MODEL

This paper considers an UL multi-user (MU) MIMO
scenario, where a BS, equipped with N antennas,
communicates with K single antenna users, where K >
2N. The transmission occurs in the presence of additive
white Gaussian noise (AWGN) over Rayleigh flat fading
channels with path loss. In schemes other than NOMA,
like a conventional UL system with N BS antennas,
only N users can be supported at any instance without
interference. The novelty of the proposed UL scheme is
that, the BS can support 2N randomly deployed users at
any given instance by SC. 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.

The OMA scheme divides the entire available spectrum
into K sub-bands and all K users can be supported
simultaneously without any interference. However, the
bandwidth available to each user reduces by a factor
of 1/K for the sake of ensuring orthogonality. For the
proposed NOMA system, the users are squashed in the
same frequency band. As NOMA accommodates all users
in the same frequency band, the interference among users

is quite high. Therefore, in order to efficiently manage
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the intra-set interference in NOMA assisted networks, the

proposed technique works as follows.

2.1. 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 Wy,. 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 sub-band reduces the receiver complexity and simple
user detection techniques can be applied at the receiver
side. The P users paired within the same sub-band are
chosen from two mutually exclusive sets A and B whose
channel coefficients are pairwise orthogonal.

To get some more insight, consider Fig. 1, where the
concept of SBD-NOMA is demonstrated. Let the total
number of users K = 24. For subsequent discussion in
this paper, we define a set ¢, which is the set of the
factors of K. For K =24, ¢ ={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 ¢ are chosen.
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 NOMA -, 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
Binto K/ P smaller sets such that 3577 4,, U B, = ¢,
where ¢ is a set of all K users and m being the sub-
band index. Each A,,, and B,, 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 A,, and B,, 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 NOMA p
to be the access scheme where /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
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NOMA

NOMAgn)

NOMA;

NOMA,

NOMA;

OFDMA

Figure 1. OFDMA vs. NOMA and proposed SBD scheme, K=24
for this particular example.

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 SBD
scheme, the decoding complexity is O(|x|”), while that
of conventional NOMA with K users is O(|x|*), where
x denotes the constellation alphabet. This is the worst case
complexity. For higher order modulation schemes, we have
other more efficient and reduced complexity algorithms
like sphere decoding. There is also an option to use
parallel processing for higher order modulation decoding.
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 SBD-NOMA,
which provides an achievable rate much better than the one

achieved by without power allocation.

2.2. Received Signal Model for proposed UL
SBD-NOMA

Let’s denote the channel matrices of strong and weak sets

as H; and Ha, respectively, written as

H, = [h1,1 h; 2 hl,P/Q] , (1)

H, = [h2,1 hs > h2,P/2] , )

etal.

where h;; and hy,, denote the (N x 1) UL channel
vectors of the j* strong and n'" 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 m!" sub-band, where
1 <m < K/P, is given by

y = (His1 + Hasz2) +n, 3)
where y is an (N x1) UL received signal
vectors, s1=[\/a1,121,1... /01, pja%1,p/2] | and
sz=[\/W,m:m...\/Wavg,p/g]T are  (P/2x1)

signal vectors of strong and weak sets, respectively. Here,
(-)T denotes the transpose, v ; represents the NOMA
power allocation coefficient of strong and weak users and
x;,; represents the symbol transmitted by the 4" user to
the BS with N antennas and ¢ represents being a member
of strong or weak set. The nis an (N x 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 n‘" strong user, chosen from
the set J, where J ={1,2,...,P/2} and n € J is the

superimposed signal given by

P/2
Yn =hiny/o1n21m + Z hy j /a2 jz2; +1, (4)
=1

where hy ,, and hs ,, are the (N x 1) UL channel vectors
of the n'" user from both strong and weak sets to the BS
having N antennas and n is the (N x 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 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 paper assumes perfect CSI, a ZF postcoded or
detection matrix is used to decode the signals of strong

and weak sets. The corresponding postcoding matrix Z;
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is given by

®
In the above equation, Z; is the (P/2 x N) postcoded
matrix of users in the strong set and z; ; is the (1 x V)
vector corresponding to the ZF UL channel vector of the
4" user, respectively. The application of postcoded ZF
matrix at the receiver forms N decoupled data substreams,
which makes the system MIMO NOMA rather than MISO

NOMA.

2.3. Received SINR

In order to determine the SINR of strong and weak users,
respectively, we apply the postcoded matrix Z; to decode
the users of strong set, where the received signal vector

1
r )=[r171, T1,2,...,T1,p/2] becomes

I‘(l) = Zly = ZlH151 + Z1H252 + Z1n, (6)
where r'™) is an (N/(K/P) x 1) received signal vector.

From (6), the signal of the n'" user in the strong set,

chosen from the set .J, where n € J is as follow

P/2

2] 1o = (FL)"(HL) (HL)") .
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channel vector and the ZF postcoding vector satisfies the

following condition:
21 hi,=0Vi#n, je{1,2,..,P/2}. (9

However, when the BS is equipped with less than NV
antennas, then the resultant matrix becomes rectangular.
Thus, the

the interference from other strong and weak users,

strong and weak users also encounter

respectively. Consequently, the strong set is affected by a

total interference of I, which can be expanded as,

P/2 P/2
2 2
I= > |hi; zinl?a; + Y |hoy - zi0?00,,
j=1,5n =1

(10)
and the corresponding SINR becomes,
_ |h1,n ° zl,n|2a1,n

SINR,, = —m Zlnl Oln

T+ o2 (11)

where Zf:/ij#n |hy ;- z1,n|%1j represents the intra-set
interference from the 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® = ZoHass + Zon, (12)

Tﬁz = 21,01 /AL nT1n + Zzl,nhm\/@m,j + 21 0. The received signal and corresponding SINR of n'"

j=1
@)

The corresponding SINR of an n'" strong user is given by

|h1,n : Zl,n|2a1,n

SINRin = —575 ®)

7
2 . 2
j=1 Q2 5 + o7

|hs ;- Z1,n

where |.| denotes the norm operator and (a - b) represents
the point to point multiplication between any two vectors
a and b. The |h;, -2z1,
signal of n'"
signal Zf:/f |ha; - 21,5
interference from weak users. The users are experiencing

201, represents the desired

strong user from the set J while the

2ag,; represents the inter-set

the intra-set interference. The strong and weak users will
encounter interference from other strong and weak users,
respectively. However, by choosing the transmit antennas
more than or equal to receive antennas, the postcoded ZF
matrix formed at the receiver are perfectly square, which
automatically eliminates the interference from other strong

and weak users within the same set. In this case, each

Trans. Emerging Tel. Tech. 2016; 00:1-20 © 2016 John Wiley & Sons, Ltd.
DOI: 10.1002/ett
Prepared using ettauth.cls

weak user chosen from the set J, becomes

rf,{ = Z2,nh2 n\/Q2 0 T2, + 22,n0, 13)
h n n 2 n
SINR,, = B2n 22l 020 (14)
UTL
In case of intra-set interference,
h n 2 n
SINRs, = |ho - 22.0] 2, (15)

- .
S s o 2o 0?00 5 + 03

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

P/2
Rim =W »_loga (1+ SINR;;); i€ {1,2},
Jj=1
(16)
wherein Wy, is the sub-band bandwidth.
7
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The summation of P users over all sub-bands m is K,
where K € £ is the total number of users and it belongs to
the set €. In other words, we can say thatn € J A J € €.

The total sum rate of the system is given by

2 K/P

Rsum = Z Z Rim. (17)

i=1 m=1

Finally, the sum capacities of conventional OMA is written

as,

—— & |1Zik - hyp Pk
Rioma =W/K ;logg (1 + 7{7% > ,
(18)
From (17), 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.

2.4. Channel Allocation Algorithm

In the proposed UL SBD-NOMA scheme, both conven-
tional OMA and NOMA techniques are implemented
simultaneously, therefore, the question of users selection in
a set is important. 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 proposed user pairing algorithm reduces the
number of MUD required at the receiver side. It also offers
reduced interference by removing inter cluster and inter
set interference. It also eliminates the need of complex
receiver designing, which reduces the cost and also provide
enhanced quality-of-service (QoS). The detailed algorithm
for choosing the members of strong and weak set is
presented in Table 1. The algorithm aims to minimize the

interference offered by the weak users to the strong users.

Table I. Sets Formation and Subchannel Allocation Algorithm

Initialization

1 A set £ of K users, where K = {1, ..., k}.
2 Subchannel Allocation Matrix, M=0 g x ).
3 Number of antennas, N.

Channel Allocation

Step 1) BS creates M from reported CSI values,

M = {hy, hs, ..., hy}.

Step 2) The channel gains are sorted in descending order,
forming a set Myq.

Mora = {[ha]?, [ba], ... [hue| )

where |hi|? > |hkt1|? and K € {1,2, ..., k}.

Step 3) The parent set is split into two halves

Hi={|hy|, [ha|, ..[h x/2[},

Ho={|h x/2)+1/; [hx/2)+2/, - [hx]},

|.] denotes the floor function. The first half is taken to be
a strong set A while the other is a weak set B. In Hy, the
N users having the higher channel gains are paired.
Similarly, in Ha, the N users having lower channel gains
are paired.

Hi={|h1 1|, [h1 2], ...[h1 | x/2)[},

Ho={|hz |k /2)+1], [h2 |k /2)+2], ... [h2 x|},

Step 4) Pair orthogonal users head to tail.

Step 5) For SBD-NOMA, each Rayleigh fading channel
matrix divides itself into smaller matrices with dimension
(N x P/2), where P denotes the access scheme. The
smaller channel matrices and the corresponding user
indexes of strong and weak sets satisfy the condition
SEIE Ay U Bm = €.

m=1

Go to 5).

End When all the /N users from the two sets are paired
in sub-bands.

Note: The subscript i representing the index of being
strong and weak set has been introduced in the definition of
channel gains for notational consistency and clarification.

3. POWER ALLOCATION

In the previous section, constant power allocation
coefficients are considered. By constant power allocation
coefficients, we mean that both users (i.e., strong and
weak users) have equal power. In this case, we have not
followed the conventional power allocation policy which
states that 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) to set power difference between the users that
allows post coding to suppress or minimize the interference
and exploits the gain from NOMA within users. However,
in this section, more sophisticated choices of power

allocation are considered. In this section, we worked on
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giving unequal power allocation coefficients to NOMA on
the basis of instantaneous channel conditions. This helps
in further improving the performance of MIMO-NOMA
system. 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. 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 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 NOMA;.

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 Rim
g
subjectto a1, + asz,; < Pr, Vj

19
(671 2 O,Vi,Vj

Rim.j > Tmin, Where j € J,

where (19) represents the constraints of the framed
optimization problem, Pr is the total power allocated to
users within a particular sub-band, R;,, represents the data
rate across each sub-band, R;n,,; represents the individual
data rate of j%* user and 7., represents the minimum
target rate to maintain fairness among the users. The users

are already paired and are chosen from two distinct sets

*The numerical solution for other schemes is not proposed here due to duality
gap in transformation from non-convex to convex function.
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to reduce the inter-set interference. 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
F=Rim+ Z)\j (Pr—ou,; —ao,;)+
=1
P/2 P/2
Zﬁj (Rim,j — Tmin) + Z'Tj (Ra2m,j — Tmin)
j=1 j=1

(20)

where \j;, k; and 7; represent the Lagrange multipliers.
Using the standard procedure, by differentiating F' with
respect to all o1,; and a2 ; and by setting them equal to

zero, we obtain a set of 5

J| non-linear 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 1,5, 2,5, 75, Aj and k;. 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

W21, - hujl?

(9F/6051, i =
7 |z - hol a4+ 02 4[|z, - b Pon
A — s Webl|z1,; - ha 4|
J J I
1z1,5 - hoj[[az; + 02 +[|z1,; - haj[2an,;
2n
- ho | ?
OF /O ; = ||Z27J 5] — s
/Oaz ||z2,; - hao j||2a2; + Uf- J
B Wel|Z1,5 - haj[%[|21,5 - o2,
1z1,5 - hajl|2az2,; + 052 + ||z1,; - hy 5] [Poa 0
e Wabl|z1,5 - hail[?[|21,5 - hoj|[Pan,
J
21,5 - ho,j|[Paz; + 02 +||z1,; - hij][2an 0
o ho sl
+ Tj W5b||z2732 27]” , (22)
o*
J
where Y= HZl,j . h2yj|‘2062,j + O'J2-.
OF /0N = Pr — a5 — a5, (23)
9
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l|lZ1,; - hu il Pon )
21,5 - haj|[2az,; + o3

24

6F/8;<;]~ = stlogz (1 4

— Tmin,

Cohe 2
OF/07; = Waplogs (1 + w> S —
fon
’ 25)
Q1,5 6F/8a1,j = 0, (26)
Q25 8F/8a2,j = 0, (27)
A\j - OF/ON; = 0, (28)
kj - OF/0K; = 0, (29)
- OF /97 =0, (30)

where o, a2 5, Aj, k5, 7; > 0. Solving the above Equa-
tion (21) for the Lagrange variable );, and substituting it
in (22) and the value of az ; from (23) gives the value of

a1,;. The aq ; turns out to be

2(paj—Pej)ebi (Poj A7) (07 400 Pr)+ea; (14r;)(¥1)

ay ;= :
’ 20502 (Paj—#ci)(PejtPajnj—Pajmitec;T5)

—2\fsf¢(‘_,‘ (Paj—eci) el (1+r))(A+7) (03 (= ecj+ep)+ea; (¥1))?

b 2
2(¢p)°(Paj—Pcj)(PejtPajrj—PajTitPcsjTs)

(€29

2 .
where U1 = (05 + v Pr), @aj, @u; and @.; are given

%, @bj = ||22,5 - ha,5]|* and ¢.; =

by ¢aj = |21, - ha ;|
[|z1,; - ha j||*. The value of cua,; is derived by substituting
the value of 1,5 in (23) and is given by

(32

Qz,j = Pr —a,j.

In order to present the general idea, we derive the expression of vy 5 in terms
of Lagrange variables. However, the values of o ; are numerically solved in
MATLAB and the expressions of Lagrange variables are explicitly not added in
the paper.
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3.1. 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 Table 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-NOMA, is repeated for power allocation within
the two sub-bands. In 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.

The procedure presented above is also applicable to
the numbers of users, which are not in power of 2. To
illustrate the concept, consider K = 12, i.e., the total
number of users is 12, which is not a power of 2. However,
the users can easily be split into three sub-bands having
four users each. In the second stage, these four users
further divide themselves into two sub-bands having two
users in each sub-band. After that the power allocation
proposed in section 3 can easily be applicable to the users.
For other even number of users, there are many possible
combinations. For e.g., consider K = 26, the users can
be split into two sub-bands having thirteen users each or
seven sub-bands can be form having four users in six sub-
bands and the remaining two users can be incorporated
in the last one, thirteen sub-bands of two users can also
be form. However, in the examples presented above, the
number of strong and weak users in the sub-bands may not
be equal and even. There are many possible combinations
of grouping in the examples presented above, which is
beyond the scope of this paper. The general expression for

power allocation in this scenario is given below

P/2

> aij = Pr,Vi. (33)
j=1
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It must be noticed that the constraints in (19) and (33) is
the same. The (33) gives the same result on expanding the
summation for two users over J, which varies from 1 to
P/2. However, (19), is written for just two users, while the

constraint has been generalize in (33).

4. OUTAGE PROBABILITY

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 n'" user in weak set can be defined

as

P, =1— Pr(SINR2» > Tmin)

|h2,n : Z2,n|2052,n (34)

:1—Pr( >rmm),

o

Building on the above Equation (34), the outage
probability experienced by any n'" user in strong set can

be written as,

Pg =1- PT'(SINRI,TL > Tmin)

P’f’( |h1,n . Zl,n|2al,n
P2y 200 - 2
Zj:l | 2,7 ° Zl,n' a2 5 + On

> Tmin) )

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, ZoHo=Ix
and z2,hs ;=0,; where d,; =1 for n=7; 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.

4.1. Approximate PDF of SINR for weak users

To derive the PDF of the SINR of weak users, the SINR

given by (14), can be written as,

Qa2n a Q2.n A Q2n
SINR,, = 22 & n__ s :

o lz2nllPe®  [(HZHz) ', 02
(36)
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Denoting the SINR defined in (36) with a random variable
(RV) Y, it becomes

Qa2.n
Yo?’

SINR3,, = 37
where Y = [(H5Hz) '] . From (37), it is obvious that
we can derive the PDF of SINR provided that the PDF
of Y is known. The RV Y in the denominator of (37) is

expanded as

[(H3H2) "]

(33)
where Hy,, is the sub matrix obtained after removing the

n** column from the matrix Hs. Hence,

_ag p(ho ) ho p—(ha ) *Ha, (H3, Hop) ~thy 4, (Hap)*

SINRy ,= 2

_ 1
nn" (hg p)*hy p—(hy n)*Hop (H Hyp) " lhy , (Hop)* '

o

(39)
Generally, for any N X K Rayleigh fading matrix, the
expression in the numerator of (39) follows a gamma
distribution with shape parameter N — K + 1 and scale
parameter 1, i.e., I'(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
N-K
fr(y) = %- (40)
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 (39)
follows a gamma distribution with shape parameter 1 and
scale parameter A, i.e., I'(1, Ain ), where A, is the mean
power experienced by the n*" user because of path loss.
The I'(1, Ain), with shape parameter 1 converges to an

exponential distribution given by

1 -y
v exp( v ) 1)

Multiplication with power allocation coefficient a2, and

fr(y) =

division by the noise variance o2, 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 for the PDF of the SINR of weak user becomes

Fr(y) = —eap(ZY), “2)

in Tin

1
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where 7;,, is the modified mean. To calculate the outage,
first find the coverage probability by integrating the above
expression. we have

Pr(SINRan > Tmin) = / fy(y)dy.  (43)

min

Using (34), we obtain the outage probability of weak

users.

P, =1— Pr(SINR2» > rmin),

—1- [

Tmin

(44)

4.2. Approximate PDF of SINR for strong users

To derive the PDF of SINR of strong users, the SINR given

by (8) can be written as

SINRinm = —573 Q1
i1 [ha - zinPon j + [21,a[?02
A Qa2 n
S hey -zl ez, + [(HH) Y, 02
j=1112,j " Z1,n||702,; 1H1 nn @

(45)

Denoting the SINR defined in (45) with RV X and T, it

becomes
A1.n

X +To?’
where T' = [(H{H1) '] . To calculate the PDF of the
SINR of strong users, we need to calculate the PDF of
the RV X and 7. The PDF of the product of T'o? is

already known from above. To derive the density function

SINR;y., = (46)

of interference represented by X, notice that X is a sum
of exponential RVs and its PDF is given by Gamma

distribution, i.e.,

P/2
X = ||z1n - hojl 20z, (47)
j=1
(v—1) —2/9Q
T ex T
fX(m) = # (48)

I'(v)Qv ’

E[X]? var[X
ua[r[]x] and Q= ]E[)[(]]'

analytical expressions for v and €2, we assume independent

where v = To derive the

interfering signals from weak users, where the power
allocation coefficient cvz ; is considered as a constant for

a particular user. Hence, the mean and variance of X can

12
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be written as
P/2
j=1
where W; = @ejn = ||Z1,n - ha ;|| and
P/2
var(X) = Za;jvar(Wj)- (50)
j=1

It can be seen that the PDF of W} is also gamma distributed
with unit scale parameter. The general expression of the
PDF for the case N > K can be written as,

KV Kt legp(—Kz)wN K

= 1
fw (w) TN . 6D
E(W;) =1, (52)
var(W;) = 1. (53)
Therefore, the values of v and €2 are given by
(703 az,)?
VE PR 4
Zj:l Qg ;
and P2 s
N6 :
o Zu=1%%s (55)

Y an,
Using (54) and (55), PDF of X can be computed.
The PDF of the product T'o? is already known. The
addition of two independent gamma random variables is
also gamma distributed. The numerator of (45) is just
a power allocation coefficient a1,,, 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

u Derp(—u w

(56)

where s and (), are the resultant shape and scale

parameters, respectively. To calculate the outage, we have

du,
(57)

[eS) (s—1) _
Pr(SINRy ., > Tmin) = / v I‘fg(gu/ )

Tmin
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Equation (57) can be expanded as

(5%)

—Tmin Quw

w

By using the above equation, we can calculate the coverage
probability. Hence, by using (35), the outage probability of
strong users can be obtained.

Py =1—Pr(SINR1n > Tmin),
s (Tg;n ).f

=1-—exp( 7;{:" ) Z i

f=o

(59

The outage equations given by (43) and (57) depends
upon the number of transmit and receive antennas, the
threshold chosen for estimating outage probability, the
number of users in each strong and weak set and the
interference term appearing in the denominator of SINR.
Here, it can be seen that the interference term will greatly

effect the overall outage probability of the users.

5. PERFORMANCE EVALUATION

In this section, simulation results of the scenarios under
discussion are presented. We investigate the performance
of the SBD-NOMA and compare it with the conventional
OMA and NOMA techniques, with a fixed set of
power allocation coefficient. The cell radius is assumed
to be 1000m in which all the users are randomly
distributed. The value of the radius is chosen only for
a fair comparison between different SBD schemes under
discussion. The channel coefficients are assumed to be i.i.d
Rayleigh flat faded. The transmission power per 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

PLag = 30 + 1081log,, (d) (60)

where d is the distance between the BS and the MS and

is the path loss exponent, which is kept at 4 in this study.
Fig. 2 demonstrates the relationship between sum

capacity and varying the number of users, K. The

figure compares the sum capacity of OMA, NOMA and
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Figure 2. Sum capacity comparison between SBD-NOMA,
conventional OMA and NOMA techniques.

proposed SBD-NOMA schemes each having a fixed set
of power allocation coefficients. The primary observation
is examining the effect of number of users on sum
capacity in SBD-NOMA. The sum capacity improves
with the increase in the number of users but the
improvement in not substantial for NOMA4 and NOMAg
schemes after the number of users exceed 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 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. To compare the fairness
in SBD-NOMA, NOMA and OMA techniques, modified

13
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Jain’s fairness index (MJFI) can be evaluated, which is

given as
K/2 R 2 ~ R,
MJFI:7( kle/;’k)é 7i€{1’2}7Ri,k: R777:L,fft7
K/2% .00 Ri,k ik
(61)
where R;";" is the maximum rate of the k" user when

there are no other users in the system i.e., it is calculated
by doing single user iterative water filling. 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 Fig. 3. SBD-NOMA performs well in
terms of outage capacity as shown. We can derive an
interesting result by combining Fig. 2 and 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 number of users in a system is
large. The same reason lies behind the intersection of
curves in Fig.3. As it can be seen from Fig.2 that NOMA
offers higher data rates and its sum capacity generally
improves with the increase in the number of users.
However, by incorporating more users within the same
sub-band, the intra-set interference increases. Therefore,
NOMA has high outage probability. Although, the other
schemes offer better coverage probability and hence
their outage probability is quite low and they offer less
complexity than the conventional NOMA technique but
their data rates are low. By combining the two parameters,
the curves intersect in Fig.3. Hence, in the situations,
where the priority is reduced receiver complexity, cost and
enhanced QoS, SBD-NOMA schemes should be preferred
over conventional UL NOMA that provide better rate and
a fairly reliable transmission scheme.

Fig. 4 reveals the energy efficiency (EE) of a hybrid
SBD-NOMA scheme with increasing number of users.
Energy Efficiency (ngg) defined in bits/sec/Watt, is the
amount of energy required by the system to transmit data

and is expressed as
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Figure 3. Outage capacity of OMA, NOMA and proposed SBD
scheme.
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Figure 4. Energy efficiency of SBD-NOMA with OMA and
NOMA technique.

Reum 2wl Y73 Waplogs (1+ SIN R ;)

NEE = =

PT PT

(62)

where Pr is the total transmit power of the system. The

trend shows that as the number of users increases, the total

transmit power increases, thus there is an increases in the

total sum rate. However, there is a reduction in the EE with
increasing number of users.

In Fig. 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
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Figure 5. Impact of cell radius on SBD scheme (N=2, K=40).
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Figure 6. Coverage probability comparison of NOMA, with
different power allocation schemes and NOMA technique.

offered to NOMA by weak set also enhances, which
increases the decoding complexity at the receiver side.
Fig. 6 depicts the coverage probability of conventional
NOMA and SBD-NOMA with different power allocation
schemes. Coverage probability is defined as the probability
that a certain number of users achieves a data rate greater
than the target data rate. 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
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Figure 7. Outage capacity comparison of NOMA, with different
power allocation schemes and NOMA technique.
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Figure 8. Sum capacity comparison of SBD-NOMA for K> N.

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. The same trend is depicted in the Fig.6.
Fig. 7 shows the outage capacity of SBD-NOMA with
conventional NOMA scheme. The outage capacity is larger
for SBD-NOMA; with the proposed power allocation
scheme. 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. From this figure, it is clear that the proposed
power allocation scheme performs better than the existing

ones.
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Figure 9. Outage probability of SBD-NOMA for K> N.

Fig. 8 and 9 depict the sum capacity and outage
probability of SBD-NOMA 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, NOMA g /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.

6. CONCLUSION

This paper investigated the performance of SBD-NOMA,
which is an OFDMA-based NOMA system with other
multiple access schemes, OMA and NOMA. It can be seen
that in general, NOMA has more decoding complexity. It
introduces some controllable interferences at the receiver
to realize overloading due to which it can support massive
connectivity and higher spectral efficiency. It also requires
greater number of SIC for decoding, which requires
complex receiver designing. The complexity of SBD-
NOMA lies between NOMA and OMA. The depth of SIC
in SBD-NOMA is much less than the NOMA system.
It also requires receiver of moderate complexity. SBD-
NOMA sum rate also lies midway between NOMA and
OMA. However, it offers minimum error variance because
of reduced depth of SIC and moderate receiver complexity.
OMA, on the other hand offers least complexity and is
therefore a reasonable choice for achieving good system

level throughput in packet domain services using channel
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aware time and frequency domain scheduling. However,
OMA cannot provide the further enhancements in quality
of experience required at the cell edge user. Also, MIMO
NOMA offers larger sum rate capacity as compared to
MIMO OMA except when there is a single user. The
reason behind the larger sum rate is the power split for
which MIMO NOMA achieves larger sum rates. Hence, in
a situation where user requirement is reduced complexity,
enhanced rates, better quality of service and a fairly
reliable transmission schemes, SBD-NOMA should be
prefered. In situations, where user requirement is higher
sum rates, NOMA should be preferred as BS can easily
cope with decoding complexity as it has more power. In
situations, where user requirement is reduced rates with
no interference and simple single user detection, OMA is
prefered. The paper also discussed the approximate closed-
form expressions for the outage probability of strong and
weak users in SBD-NOMA. 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 power

allocation outperformed the EPAS and FPA schemes.
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A. PROOF OF LEMMA 1

The achievable sum rate of the system given by (17) is expanded as

1
Rsum - T A Ws R'rr7 63
i ; b ©3)
where
P/2 P/2 P/2
Ry =1In Z Pbjn02,j + o2+ Ponazn | —In Z Pajnoi,j + Zsocjn042,j +02
i=Lj#n i=Li#n i=1
P/2 P/2 P/2
—lIn Z Prjnez; +0on | +n | Qanoin + Z Pajnai,j + Z Panozj +0on |, (64)
J=Lj#n j=T,j#n i=1

% and ¢ejn=[z1,n - haj|*.

where Pan=|z1,n - h1,n|?, Qon=|22,n - h2.n|?, Pen=|21,n - han

P/2 P/2 P/2
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m J=1,j#n j=1j#n j=1
P/2 P/2 P/2
—In Z Pajn0i,j + Z Pejnz,; + O'i —In Z Pojn2,; + U,QL , (65
j=1,j#n j=1 j=1,j#n

To prove Lemma 1, we need to find the Hessian matrix of (64). For this, take the second derivative with respect to a1,

and a2 p,.

2
—Pan
OR,, /003, = —— (66)
(Canoin + 3003 L Panonj + 373 ejnonj + 03)?

2 2
aRTr/aag,n _ Pen + Pen
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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 [15].
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