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ABSTRACT In this paper, a novel communication scheme that combines beamforming, energy harvesting,
and cooperative non-orthogonal multiple access (NOMA) system is introduced. In the proposed scheme,
NOMAA is first combined with beamforming to serve more than one user in each beamforming vector. Later,
simultaneous wireless information and power transfer (SWIPT) technique is exploited to encourage the
strong user to relay the weak user’s information messages in full-duplex (FD) manner. However, one major
drawback of FD communications is the self-interference (SI) signal due to signal leakage from terminal’s
output to the input. Three different cases are adopted. In the first case, the SI signal is assumed to be fully
cancelled at the strong user using SI cancellation techniques. In the second case, SI is only cancelled at the
information decoding circuits, while being harvested in the energy harvester to provide extra energy. The
third case investigates the impact of imperfect SI cancellation on system performance is investigated. It is
proved that introducing SWIPT doesn’t only motivate users to collaborate, but also mitigates the impact of
the SI signal. In addition, the problem of total sum rate maximisation is formulated and solved locally by
means of two-step difference of convex functions (DC)-based procedure. Furthermore, the outage probability
of both weak and strong user is derived and provided in closed-form expressions. Numerical simulations are
presented to illustrate the sum rate gain of the proposed scheme if compared with existing schemes, and to
verify the derived formulas.

INDEX TERMS Non-orthogonal multiple access (NOMA), beamforming, energy harvesting, simultaneous

wireless information and power transfer, full-duplex, cooperative NOMA, self-interference.

I. INTRODUCTION

It is widely believed that the fifth generation (5G) com-
munication systems will not be an incremental version of
the fourth generation (4G) systems, as in addition to higher
data rates, future communication systems have many antic-
ipated functionalities, such as internet-of-things (IoT) and
cloud-based applications [1]. These envisioned new services
pose challenging requirements like higher data rates, low
latency, massive connectivity and higher spectral and power
efficiency. In order to meet these requirements, a variety of
new technologies are needed such as new multiple access
techniques, novel spectrum and power utilization meth-
ods, multi-antenna techniques (MIMO, Beamforming), FD
communications [2].

Non-Orthogonal Multiple Access (NOMA) has been
recognised as the potential multiple access scheme for 5G
communication system, for its appealing features of spec-
tral efficiency, massive connectivity, user fairness and low
latency [3]. NOMA exploits the power domain to serve
multiple-users simultaneously at the same time, frequency,
or code. NOMA base station differentiates users according to
their channel conditions. Users with poor channel conditions
(weak users) are assigned with higher power level than users
with better channel conditions (strong users). In order to
implement NOMA, the base station superimposes the mul-
tiple information messages of the intended receivers using
superposition coding (SC) technique. Each NOMA user sub-
tracts all weaker users’ information messages by means of
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successive interference cancellation (SIC), while considering
stronger users’ messages as a noise in order to decode the
own message [4]. The knowledge of weaker users’ infor-
mation messages feature can be exploited by encouraging
strong users to relay weaker users’ messages to enhance the
reliability of the system, in what is referred to as cooperative
NOMA scheme [5], [6].

Introducing 5G potential technologies such as beamform-
ing, energy harvesting and FD communications to NOMA
in order to improve the full system performance has drawn
considerable attention of late. In some literature, NOMA is
combined with multiple-antenna techniques like beamform-
ing (NOMA-BF) to exploit both power and spatial domains to
enhance the signal to noise plus interference ratio (SINR) [7],
or to increase the spatial multiplexing gain [8], [9] by serving
more than one user per each beamforming vector. On the
other hand, NOMA and energy harvesting techniques are
merged in a few literature to enhance both energy and spectral
efficiency and overcome energy and spectrum scarcity in
the system. Sun et al. [10], Liu et al. [11] introduce simul-
taneous wireless information and power transfer (SWIPT)
to NOMA system to encourage strong users to relay weak
users’ information messages as this collaboration will not
drain their batteries. While wireless powered communication
networks (WPCN) technique is merged with NOMA uplink
system to increase the individual data rate in [12]. Strong
users in [13], use the harvested energy in the first time slot,
to relay weak users’ messages in the second time slot using
beamforming in half-duplex (HD) manner. Xu et al. [14]
tackle the problem of maximising the data rate of the strong
user with guaranteeing the QoS of the weak user in HD coop-
erative SWIPT NOMA system. The formulated nonconvex
problem is solved by optimising both beamforming weights
and the SWIPT power splitting ratio jointly. Of course,
working in HD scheme isn’t optimal as the resources are
divided between receiving and transmitting processes. Hence,
some literature has introduced FD to the cooperative NOMA
systems.

FD communication has gained a lot of attention as it has the
potential of increasing the spectral efficiency of wireless net-
works. In favour of the ability of transmitting and receiving
signals simultaneously at the same frequency, FD can double
the date rate of the system for a given bandwidth. However,
the real implementation of FD has been considered impracti-
cal due to the SI signal which can be billions of times greater
than the desired receive signal [15]. Recent advances in signal
processing allow this SI suppressing to within tolerable limits
through a combination of passive and active cancellation in
both analogue, and digital domains [16]. Passive cancellation
involves antenna-based isolation techniques that depend on
the separation distance between antennas, orientation and
polarisation [17]. Active cancellation approaches are carried
out via digital processing techniques at baseband that require
accurate knowledge of the channels after passive cancel-
lation [18], or by superimposed signalling-based schemes
where no channel estimation is required [19].
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FD in cooperative NOMA systems can be exploited in two
different methods. Either by letting the strong users relay
the weak users’ information messages in what referred to
as user-assisted cooperative NOMA [20], [21]. Or by uti-
lizing dedicated relays to convey the information-bearing
signals, namely relay-assisted cooperative NOMA [22]-[25].
Zhang et al. [20] propose a dynamic multiple access scheme
that switches between cooperative NOMA, non-cooperative
NOMA, and conventional OMA schemes depending on the
residual ST level and the link condition. Comparisons between
FD and HD cooperative NOMA systems are provided by [21]
in two different scenarios, mainly with or without direct
link between the base station and the weak user. The results
illustrate that FD NOMA has higher sum rate than that of
the HD NOMA scheme in the low SNR region. Furthermore,
it is proved that the use of the direct link overcomes the
zero diversity for the weak user caused by the SI signal.
Zhong and Zhang [22] study a cooperative NOMA system
consisting of a base station, two users, and a dedicated FD
relay that helps the communication out between the base
station and the weak user. The proposed system is proved
to achieve higher ergodic sum capacity than the FD system.
So and Sung [23] prove that the achievable rate region of
relay-assisted cooperative NOMA system is bigger than that
of the conventional non-cooperative NOMA system. A multi-
antenna relay is utilized in [24] to help the communication
out between the NOMA base station and the far user in FD
manner. The outage probability of the proposed system is
derived, in addition to proposing two relay selection schemes.
The work in [24] is extended in [25] to FD cooperative
cognitive NOMA system. Where the beamforming vector and
the transmit power are optimized to maximise the data rate of
the strong user while satisfying the quality of service (QoS)
requirement of the far user in the proposed scheme.
Sun et al. [26] propose a different approach for benefit-
ing from FD operation in NOMA systems. In the proposed
scheme, the NOMA base station exploits FD for serving mul-
tiple downlink and uplink NOMA users simultaneously. The
cooperation in the previous works on FD NOMA schemes is
threatened by power scarcity in the system, as users are selfish
and prefer to keep their power to decode the own messages.
Hence, it is encouraging to introduce wireless power compen-
sating techniques like energy harvesting to motivate users to
cooperate.

In this paper, NOMA, beamforming, SWIPT and FD tech-
niques are combined to propose a downlink commutation sys-
tem with higher sum rate. In the proposed scheme, NOMA is
first combined with zero-forcing (ZF) beamforming to serve
more than one user in each beamforming vector (cluster). The
strong user (with better channel state) in cluster subtracts the
weak user’s information message using SIC. This enables
the strong user to serve as a FD relay for the weak user in the
same cluster. As an incentive for the strong user to collab-
orate, the base station deploys SWIPT technique to transfer
information and energy simultaneously to power users. The
proposed strategy demonstrates high sum rate gain and
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outperforms the non-cooperative NOMA-BF proposed in [8].
However, due to working in FD manner strong user suffers
from the SI signal, which is assumed to be totally cancelled
in the first case, while it is harvested to provide more energy
to the strong user terminal in the second case. In addition,
imperfect SI cancellation is considered, where the residual
SI is modelled, and its impact on the system performance
is investigated. Furthermore, the problem of total sum rate
maximization is formulated and solved by proposing cluster-
ing algorithm and power allocation strategies, in addition to
deriving the outage probability of both weak and strong users.

Il. SYSTEM MODEL

We consider a downlink cooperative NOMA and ZF beam-
former with SWIPT system consisting of a base sta-
tion equipped with N antenna communicating with M
user (M > 2N). The users are provided with two antennas,
one for receiving and relaying. Each NOMA-beamforming
vector can support more than one user (will be referred to as a
cluster). For the sake of simplicity, we will consider that there
is only two users in each cluster (this model can be extended
to more than two users at the same cluster, by letting each user
relays the information message to the next weaker user). User
with better (or worse) channel will be referred to as strong
(or weak) user. The channel is Rayleigh fading with zero
mean and unit variance multiplied by the path loss. The base
station deploys superposition coding to build the information
message for the user pair in the same cluster, and transfer it
via SWIPT technique. In each cluster the strong user receives
the base station signal and relays the weak user’s information
signal in FD manner using the power harvested from the
SWIPT technique, while the weak user receives the base
station and the strong user signals via the receiving antenna,
while its transmitting antenna will be idle and all power
is used for information decoding, as illustrated in Fig.1.
The information message of the beamforming cluster
number k can be written in the following form
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FIGURE 1. The proposed cooperative NOMA scheme.

where sx1 and sg are the information symbols for the strong
and weak user respectively, with || sg1 ||*=|| se2 ||*= 1.
o1, oo are the NOMA power allocation coefficients for the
strong and the weak user respectively, with a1 + a2 = 1
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and axy > o). Pr and wy the power allocated and the
beamforming weight for the cluster k respectively.

A. PERFECT SI CANCELLATION

In the first case, we consider that SI signal at the strong
user is cancelled using prefect cancellation procedures at the
front end of the strong user terminal. In this case, the signal
received at the strong user can be written as

i1 = hiwiy/ Progrser + iy wi/ Proago sk

Signal Intra-cluster Interference

N
+ Z hgwix; +nr, (@)
j=1j#k Noise
—_—
Inter-cluster Interference

where hg is the channel gain between the base station and
the strong user at cluster k. ng1 is an additive white complex
Gaussian noise (AWGN) with zero mean and variance of
ox1% = o3>, Strong user subtracts the weak user’s message
from the combined signal by means of the SIC technique, and
then decodes his own [27]. In addition, in ZF beamforming
the weights are chosen to eliminate the interference coming
from other clusters at the strong user in order to perform
the SIC process successfully. As the inter-cluster interfer-
ence reduces the strong user capability of correctly decoding
the received signal. Hence, the ZF-based beamforming is
designed based on the channel of the strong user in each
cluster to satisfy:

hy; 1,
Wi =
| gy | 0,

Let H = [h]},....h] ... h],]7 be the matrix of strong
users channels, where (.)7 denotes the transpose operation.
Then, the matrix of beamforming weights equals to the
pseudo-inverse of the matrix H, i.e. W = [wy,...wy] =
HY(HH")~!., where (.)" is the conjugate transpose oper-
ation.

Thus, ZI-\/:L#,{ hy1wjx; = 0, and the signal received at the

j
strong user is reduced to

ifk =].

O with | w; P= 1.
otherwise.

Vi1 = hgiwi/ Proagiser + ng. 3)

The total signal power received by the strong user is divided
be certain power splitting factor pi, between information
decoding and energy harvesting processes, with 0 < pr < 1.
The value of pi is determined by the target rate of the strong
user Ry and it is given by [11]

Q@R — 1)oy 2
Pk = max(O, 7 2).
Pr(agr — 2% — Daga) | hiet |
When pr = 0 all energy goes to information decoding

process, and no harvested energy, while if py = 1 then all
energy is used for harvesting and no information decoding.
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The signal to interference and noise ratio (SINR) at the
strong user is expressed as
Pl = par | e 2

SINR}, = . : “4)

and the rate of the strong user at cluster number k is given by
Ri1 = log,(1 4 SINR} ), (5)

while the harvested power at the strong user is given by
Py =npr | gy | Py, (6)

where 7 is the energy harvesting efficiency factor that
depends on energy harvesting devices and the rectification
process. This harvested power is used by the strong user to
transmit the weak user information in FD manner. The strong
user harvests the weak user’s powers as well, and not only his
own. This justifies the potential gain of the scheme, especially
that the level of power allocated to the weak user is higher
in NOMA. Hence, the signal received by the weak user is
the base station and the strong user signals, in addition to the
inter-cluster interference signal and can be expressed as

2 = vPrarahaWesia + v/ Prlgiasi

Signal

N
+ hpowi/ Proagisen + Z howix; +£1£, @)
Intra-cluster interference J=Li#k Noise

Inter-cluster interference

where hg,, hgio, are the channels between the weak user
and the base station, and the channel between the weak user
and the strong user respectively. ny» is the receiver AWGN.
We assume that the two signals from base station and strong
user are fully resolvable at the weak user, so they can be
merged using maximal ratio combining (MRC) [20]. There-
fore, the overall SINR at the weak user after MRC is

Prag | hgowi | +Py | o |2
Pragr [ howi 2+ 310 o P | iaw; 2 407
Praga | hawg [ +Penpr | i |2 o |
Progy | hiowe 12+ 31, P | hiaw; 12 407

®)

SINR}, =

The rate of the weak user at cluster & is expressed as

Ri2 = logy(1 4 SINR},). )

B. PERFECT SI CANCELLATION AND SI HARVESTING
In this subsection, the SI signal resulting from FD mode at
the strong user is assumed to be perfectly cancelled at infor-
mation decoding path, while being harvested in the energy
harvesting circuits to provide additional energy.

The signal received by the strong user in this case can be
expressed as

yir= /(= pOhg 1 Wi vPrag et ++/(— pi)v/Pihe 1 sk +ng 1 s
(10
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where hg; is the loop-channel gain between transmitting
and receiving antennas, P; is the transmitted power at the
strong user. Under perfect cancellation assumption we have

V(I — pr)+/Pihg11sx2 = 0, and the strong user’s information
decoding signal can be reduced to

D — /(1 = phg Wi/ Prag skt + ngi. (11)
The SINR at the strong user

Pe(1 — pagr | hyey 2
: .

SINR?| = (12)

Ok

SI signal is harvested at energy harvesting circuits with
ratio pg, then the transmitted power is the harvested energy
of the sum of base station and SI signals and expressed as

Pr = npkPe | by [ +npiPr | by |2
_noePx | gy 2
1 —npe | hern >

Using (13) and (8), the SINR at weak user can be expressed
as

13)

Proga | hjowye 12 +P; | hyey |

Progr | miowi 24+ 30 i Py L hiaw; 2 40
(14)

SINR?, =

C. IMPERFECT SI CANCELLATION AND SI HARVESTING

As a matter of fact, active and passive suppression techniques
are only capable of introducing significant reduction to SI
signal and not total cancellation. Moreover, these SI cancel-
lations techniques suffer from imperfections due to several
distortions such as nonlinearity, time-varying channels and
carrier offsets [15]. These imperfect cancellation techniques
resulting in a residual SI signal. Some literature considers
this residual signal as a constant floor, while real experiments
have revealed that this residual SI is a random variable and not
constant [28]. The channel between transmitting and receiv-
ing antennas after imperfect SI cancellation, which represents
the residual SI interference is modelled in multiple-antenna
case by a Rayleigh fading channel with independent and
identically distributed (i.i.d) Gaussian random entries. This
model is common in the literature [29], [30], as line-of-sight
components are normally efficiently reduced by cancella-
tion procedures and the major effect comes from scattering.
Hence, the received signal at information decoding circuits at
strong user terminal at single-antenna case is expressed as

10 =1 = phgr Wi/ Praki sk ++/(1 — p)y/Pehraisia

+ ngi, (15)

where hry1; is the channel between transmitting and receiv-
ing antenna after the imperfect SI cancellation process with
variance BP;, P; is the transmit power and 8 > 0 is SI
cancellation quality parameter that depends on the efficiency
of the cancellation techniques, i.e., worse cancellation tech-
niques result higher values of g [30]. Hence, the SINR at
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the information decoder circuit of the strong user in this case
equals to

(1 — pe)Prar | hyy 2
(1 — p)BP; + ox?

while the signal and the SINR of the week user remains the
same as (14).

SINR} | = : (16)

D. BASELINE SCHEME

In the baseline scheme proposed in [8], no cooperation
between users at the same cluster is considered. Hence,
the SINR at the strong user is given by

SINR?, = Progy |2hk1 |2’ (17)
Ok
while for the weak user
Pragr | howy |2
Pragy | howy |2 + Z;V:L#k P;j | hjow; |2 +o2
(13)

4

Ill. NOMA POWER ALLOCATION OPTIMIZATION

In this section, the total sum rate of system is maximized
with respect to NOMA power coefficient per cluster o and
inter-cluster power coefficients Py, subject to total power
constraint. This optimization problem can be formulated as

N
maximize ZRkl + Rio
R

N

subject to ZPk <Pr,
k=1
O<or <1

0<Pr<Pr (19)

The optimization problem is NP-Hard, as finding global opti-
mal solution can’t be done by polynomial time algorithm.
Using a similar approach to that proposed in [31] for OFDM-
NOMA systems, the optimization problem is divided into
two steps problem, and each step solved by an efficient sub-
optimal algorithm. In the first step, a clustering algorithm
will group the users in each sector, then the intra-cluster
NOMA coefficient factor «y is optimized for the paired user
in each cluster. In the second step, the across cluster power
portion Py will be optimized, to allocate power efficiently
across different clusters.

A. CLUSTERING ALGORITHM

User pairing has a crucial impact on the NOMA system
performance, hence a clustering algorithm that groups users
in each cluster is proposed. In order to exploit cooperation
between users at the same cluster, users with high differ-
ence in gain should be paired together, so the user with
high channel will relay the weak user’s message. Apart from
cooperation, pairing users with high difference in channel
gain increases the average throughput of the system, as the
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two grouped users will be allocated with a higher power
level difference. As the strong user does SIC so he does not
suffer from the intra-cluster interference i.e., the high power
level assigned to the weak user collocated with it. On the
other hand, the high power level allocated to the weak user
will increase its average throughput and the average sum
throughput of the entire system eventually. From the previous
discussion, it is reasonable to distribute users with the N
highest channel gain into the N available clusters as a first
step.

Another issue should be taken into consideration in the pro-
posed system, that users accommodated at the same cluster
should not have orthogonal channels so they can be grouped
at the same beamforming vector. Therefore, in the proposed
algorithm we divide the users into two sets. The first set
consists of the N strongest users, and the second set is the
remaining M — N weak users. The N strongest users will
be distributed in the available N clusters as a first step, then
for each strong user from the first set, we search in the weak
users set for the weak user that maximizes the product with
corresponding beamforming weight of the paired strong user.
Using this criterion to pair users decreases the inter-cluster
interference at the weak user and guarantee that the channels
of the paired users aren’t orthogonal and can be grouped in
the same beamforming as illustrated in Algorithm 1.

Algorithm 1 The Proposed Clustering Algorithm
1: Sort users in according to channel gain in descending
order | hy P=| hy P> .. =| hy ?
Seti:=1
whilei < N do
Define the corresponding beamforming weight w;
Find j = argmax(| hjw; [*),j=N + 1, ..M
Define Cluster; = {i, j}
i=i+1
end while

A ol

1) COMPLEXITY

The complexity of the proposed clustering algorithm for a
system consisting of M number of users and N number of
clusters is OM) + O(N(M — N)) [32]. In order to reduce
the complexity of searching all possible weak users, another
scenario could be adopted by pairing the strongest user with
weakest user, and the second strongest user with the sec-
ond weakest and so on as the non-orthogonality condition
| hjw; |2+ 0 is verified, to guarantee the implementation of
the ZF scheme. If the weak user is paired with the strong user
has orthogonal channel, then the next user will be considered.

B. INTRA-CLUSTER POWER ALLOCATION

After grouping the NOMA users in clusters using the clus-
tering algorithm mentioned above, NOMA power coefficient
factor between weak and strong user will be optimized. The
power coefficients per cluster can be dynamically allocated
to each user using the suboptimal fractional transmit power
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allocation (FTPA) scheme [4], or can be found by solving the
following optimization problem.

maximize Ryj(ox) + Ria(o) (20)
a

1) FRACTIONAL TRANSMIT POWER ALLOCATION

In FTPA scheme NOMA power coefficients are dynamical
assigned to the paired users according to their channel gain.
The power portion for the user number i grouped with the
user j in the cluster & is given as follows:

P | hi |7V

P = ,
[ hi |7V 4+ | h |7V

21

where 0 < ¢ < 1 the decay factor. The power portion
assigned to a user is inversely proportional to his channel
gain, thus the weak user will be assigned with higher power
level. Of course this scheme is simple to implement but
sub-optimal.

2) CCP POWER ALLOCATION ALGORITHM
The optimization problem in (20) can be rewritten as:

minimize e(oy) = f (o) — glak) (22)
273

where

v (1 — oo | ey |
> )-

Flen) = —logy(1 + -

Ok

and the value of g(ay) is given in the equation shown at the

bottom of this page, both functions f and g are convex with
respect to o.

The aforementioned problem is a difference of two con-
vex functions and referred to as DC programming prob-
lems, which is not convex in general. DC problems can be
efficiently solved using various of numerical methods like
Convex-Concave procedure (CCP) [33]. CCP is a heuristic
iterative procedure that transfers the non-convex DC prob-
lem into a convex one, by replaces the non-convex part (the
function g) with its convex affine approximation to find the
local solutions starting from initial feasible point, i.e,

2(x; 1) = gla) + Vel (x — xp). (23)

The CCP is expressed in Algorithm 2. It is easy to prove
that the CCP will converge as e(xxy+1) < e(xx), so the
function e(xy) will decrease with each step until the stopping
criterion is satisfied. As for the stopping criterion a reasonable
suggestion will be to use the criterion e(xp) —e(xx) < ¢ where
¢ is a certain threshold.

Algorithm 2 Basic CCP Algorithm
1: procedure CCP

2: Given an initial feasible point xp
3 Setk :=0
4 while stopping criterion is not satisfied do
5: Define g(x; xx) = g(x) + V)T (x — x¢)
6 Define e(x;) = f(x) — g(x; xx)
7 Find
X1 = argmin(e(xy)) (24)
8: Update k :=k + 1
9: end while

10: end procedure

Choosing the initial value plays crucial role in achieving
the optimal solution as CCP is a heuristic algorithm. There-
fore the algorithm is initialized with different initial points
and the one that leads to the local solution with lowest run
times will be adopted.

As oy is scalar the optimal value can be found from the
CCP directly without introducing line search algorithm to
solve (24) (unlike most of DC problem algorithms) [33].

3) COMPLEXITY

The overall complexity of the clustering and per-cluster
power allocation algorithms is O(M) + O(N(M — N)) +
TO(N), where T is the average number of iterations for the
iterative CCP algorithm to converge [32].

C. INTER-CLUSTER POWER ALLOCATION

After optimizing the power coefficient between users in the
same cluster, the power portions among cluster will be now
allocated. Again, this problem can be tackled either by easy
but sub-optimal solution like allocating all clusters with equal
portions of the total power or by solving the following opti-
mization problem:

N
max}i{nize Rior = ];(Rkl + Ri2)
N
subject to ZPk <Pr (25)
k=1

1) EQUAL POWER APPROACH

As a suboptimal solution, but less complex total power can
be divided equally among clusters, where each cluster will be
assigned with total power divided by number of clusters.

Pe(1 —ag) | howg 12 +Pinox | ey 12] hgrn 2

glax) = logy(1 +

= log,(

Prag | hawe 12+ 3 Py | hiow; 2 4o
Pi(| hawy |7 +npx | P g 2) + 35 Py | hyow; |2 +0kz)

)
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Prag | hgowy 12+ 37, P | hyaw; |2 40

’
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2) CCP POWER ALLOCATION ALGORITHM
In this approach, the optimal value of the power level allo-
cated to each cluster is determined by finding the solution to
the following optimization problem.
minimize —R;,;
‘ N
subject to ZPk <Pr (26)
k=1
where the value of Ry, is given in (27), as shown at the bottom
of this page. So the optimization problem can be written as
follows

minliamize U(P)— H(P)
k

N

subject to Y " Py < Pr (28)
k=1
where
N N
H(P)==) " logy(Prax [hiawe >+ D Pilhaw; > 40),
k=1 j=1,jsk
and
Y Pr(1 — pr)og | hyy |
UP) = — ];(logz(l + o )

+1ogy (Px | howi 12 +Pknpx | by 2] gz |2

N
+ Z Pj | thWj |2 +O’kz)).
J=1j#k
Again both functions H(P), U(P) are convex with respect
to the power vector P, as V2H(P) and V2U(P) are semi-
definite positive matrices. As P is a vector, its optimal value is
found by solving (25) by any numerical method used to solve
convex problems such as the interior point method [34].

IV. OUTAGE BEHAVIOUR

In order to investigate interference’s impact on the system
throughput, outage probability of both strong and weak user
is derived and provided in closed-form expressions in this

section. We will start with the strong user, then the outage
probability of the weak user will be derived.

A. THE OUTAGE PROBABILITY OF STRONG USER

We say that the strong user is in outage, if he can’t decode
the information message of the weak user, or he can decode
it but he can’t decode his own message. Let A and A, denote
the events that the strong user can’t decode the weak user’s
message and his own message respectively. Then, the outage
probability of the strong user is expressed as

P =1-(A]NAY), 29)

where A€ is the complement of the event A, here represents
the success probability. The probability that strong user can
decode weak user’s information message is

(1 — p)dkakz | hyy |2
(1 = pr)drokr | hyy |2 +1

G}
= P( hyy *>
(1 — pr)dk(ak2 — Or0k1)

PA]) = IX( > 02)

), (30)

where §; = % is the transmit SNR at cluster k, ®, =
k
2Rk2 _ 1, and Ry> the target rate of the weak user at cluster k.

The probability that strong user can decode his own mes-
sage is given by

P(AS) = P8 (1 — pr)akr | her 12> ©1)

®
), 31)

=P( by P> ——n——
(I — pr)dkorg1

where ©; = 281 — 1, and Ry the target rate of the strong
user at cluster k. Hence, the outage probability of the strong
user has the following form
®
P( gy P< —"4 ) @ < <2
(1 = pi)dk 79}

1,0, > =2
(2731

P =

— O _ 9 ;
Where O,y = Max(ak1 s @2). In order to implement

NOMA the condition ®; < %2 should be satisfied.

k1

N

2

Pe(1 — pag | hey 12
Rir = Y (logs(1 +

0,
k=1 k

)

M=

Pi(| howy [ Fnop | e 1P gan P) + X5 Py | hiaw; 2 +of ))
Prayg | howi 2 + 37 Py | hiaw 2 +0f

Pe(1 — p)ag | hey 12

<10g2(1 + 5

Ok

~
I
LN

)

+1ogy(Pe(| ho + Wi 12 nox | it 12 e 19 + ZPj | hiow; 12 +07)

J#k

—logy(Prark | hiowic P+ Py | hiow 12 +) @7)

J#k
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With the aid of order statistics [35] the relationships
between both PDF and the CDF of the ordered strong user
X =| hgy |2 in cluster k and those of the unordered channels
are given by

M! ek
fX(X) = mﬁmz(x)(ﬂhlz(x))
k—1
(1 - Fh|2(x))
k—1
M—k+i
X <Fh|2(x)) :
k—1 ‘
S S ()
Fx(x) = M — k)l(k — 1)!Z< i )M—k+i+1

i=0
M —k+i+1
X (Fh|2(.x)) .

where fi2(.), Fpp(.) are the PDF and the CDF of the
unsorted channel gain of an arbitrary user. (The users are
sorted in descending order, that is why the index M — k + 1
is used instead of k)

The distribution of the unsorted channel gain for strong
users in the proposed scheme obeys Gamma distribution with
parameters (N, 1) and hence its PDF and CDF are expressed
as

1
f|h‘2(x) = meileix.
N-1 1
Flpptx) =1 - Z j—'x/e_x
j=0""

Hence, the outage probability of strong user can be charac-
terized as

k—1

_ M! k—1 (=1)
Pkl_(k—l)!(M—k)!g( i )M—k+i+1
N-—1 j
(- 0)
=0 N = )bk
®max M —k+i+1
<o (-aog)) o

B. OUTAGE PROBABILITY OF THE WEAK USER

The weak user is in outage if the weak and the strong user
can’t decode weak user’s message (event B), or the strong
user can decode the weak user’s message but the total SINR
at the weak user is less than the threshold (event C).

1) CALCULATION OF EVENT B

If the strong user can’t decode the weak user’s information
message, then he can not relay it and the signal received by the
weak user terminal is only the base station message. Hence,

VOLUME 6, 2018

the SINR at the weak user in this case can be expressed as

Skaka | hgawy |2

SINRi» =

,N:l#k 8 | hawj 12 +8keer | howye [2 +1°
(33)
‘We assume that 012 =02= ... = 01\2,.

The probability of event (B) can be expressed as

Py = ( (1 — pr)deea | ey |
(1 — pr)dkakr | gy |2 +1
) h 2
o2 | howy | ®2>

<
Z}vzl,#k 8 | hgow; 12 +8kakr | hyawy |2 +1

= ]P’(X < ®3) X ]P’(Y < ®4>,

< 0y,

I I

® _ )

O3 = = p)dk (@2 —x102)°
[OF)

5kdkg*@z(5kak1+zj]v:1,j £ 8
Similarly to (32) the term /; can expressed as

and Oy =

where

I = IP’(X < 93)

k—1

_ M! Z(k—l) (—1)
(M—k)!(k—l)!i:O i JM—k+i+1
N-—1 1. M—k+i+1
X (1 - Z j_!@g exp(—®3))
j=0
The unsorted random variable ¥ =| hw; |> obeys the

exponential distribution, i.e. ¥ ~ Exp(1). Let [ be the index
of the weak user to be grouped with the strong user num-
ber k according to the proposed clustering algorithm. Then,
the CDF of the ordered ¥ =| hyw; 2= hyow; |> random
variable can be given as

M! Ii I—1 (—1)i
M — DI — 1) i_o( i )M—l+i+1
(1 _ e—X)M—l"rH‘l.

Fy(x) =

Hence, the term I5 can be expressed as

-1

) w Sy ey
IZ_P(Y<®4)_([—1)!(M—Z)!;( i )M—l+i+1

M—i+i+1
X <1 — exp(—®4)) .
and the probability of event (B) equals to

I xIh, ©3,0604>0

P(B) =
1, 3,04 <0
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2) CALCULATION OF EVENT C

Theorem 1: The probability that the strong user can
decode the weak user’s message but the total SINR at the
weak user is less than the threshold, for the weak user in the
proposed scheme is given by

P(C)
a (M)?
M =)k — DM — DI — DIT(N)
-1 I—1 k—1 k 1 M —k+i
1V 1 - 1Y B M.
X 1>(r )Z( 1)( l. ) > (=1 SuByM,
r=0 i=0 t=0
rw>1+aa+n®g%§1]ﬁ(w—l+v 1
(t + DN-1+ q 1Pk S
® @ —q0®
(@2(1 —etrrnosy Ot L (Ot De TR )
02 ¢? ¢
(34)
t—ty-—In—
where Zl’ = Ztl Ozt no, tN,I1=ON 2, Bt’ :1
tj+
—t1 —tl—..ty— N-=-2 x/
DO ) we = ()
t—t1--—IN_2
(ﬁ) =N =1t —1)— (N2 —(N3)13 —
o IN—T
Proof: See Appendix. ]

Now the outage probability of the weak user can be expressed
as

03,04 >0

P(B) + P(C),
Py =
I, 03,04=<0

And the outage probability of the cluster £ is given by

P(k) =1 —(1 = Pr)(1 — Pro). 35)

V. ASYMPTOTIC BEHAVIOUR OF THE

OUTAGE PROBABILITY

In this section we let the transmit SNR (8) goes to infinity and
analyse the diversity order achieved by both strong and weak
users. The diversity order is defined as

PN (700

36
§—00 log8 ( )

The outage probability of the strong user in (32) can be
expressed as
k—1
k—=1\ (="
Pu = G L
(k—l)'(M k)! M—k+i+l

i=

M —k+i+1
% exp max
(- ok Pk)ﬁk

—1

( < ®max ) 1( ®max ))M —k+i+1
xlexp| ————— |- ) - [—— .
(I=p)d/ =5 I \A=pi)di

J
(37)
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The Maclaurin series of the function exp ((16%) is

( ®max
exp| ————
(1 — o)k

Using (37) and (38) the outage probability of the strong user
i=0

derived as
k—1 (=1
(k—l)‘(M k)! i M—-k+i+1
o) M—k+i+1
(T — pr)dk

4 O V\MEFIH
" (FZNﬁ((l —pmk)) W

When § — oo, exp( = pk)8k> = 1 and the summa-

()
0\ (T—pr)dk
)zz:__f——. (38)

|
= 7

Py =

1M1

N
. Then the

. . . . . O max
tion expression in (39) simplifies as T=pooe

asymptotic outage probability of the strong user can be given
by

P;{xf o M! ( ®max )N(M k+1)
kM — )\ (1 — pg)
1 1
SNk 1) B SVMT—k+D)”
k k

(40)

where o« means “‘be proportional to”. Hence, the diversity
order achieved for the strong user in the proposed model is
N(M — k + 1), i.e. the diversity order of the strong user is
relevant to the antenna number N and the user order among
all users k.

Similar to (40), the asymptotic outage probability of the
weak user for both events (B) and (C) is found to be

1

SNM—k+ DM —1+1)°
k

PR o 41
Thus, the diversity achieved by the weak user is N(M — k +
1) % (M — [+ 1), i.e. relevant to the antenna number and both
strong and weak user order among all users.

VI. NUMERICAL RESULTS

In this section, numerical results are provided to demonstrate
the performance evaluation in terms of the sum rate in the pro-
posed cooperative NOMA scheme. The representative results
in the considered network, are drawn according to the values
in Table I. The random users’ locations follow the uniform
distribution.

Figure 2 represents the average sum rate of the con-
ventional beamforming orthogonal multiple access scheme
(OMA-BF), the basic non-cooperative NOMA-BF (baseline
scheme), the proposed cooperative NOMA-BF with per-
fect SI cancellation (Case 1), the proposed cooperative
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TABLE 1. Simulation Parameters.

[ Parameter [ Value |
Cell layout Hexagonal
Cell radius 1000 m
Users locations uniformly distributed
Total transmission power 46 dBm MHz
Bandwidth 4.32 MHz
Antenna transmission gain 1 dBi

Path Loss model
Channel model

128.1 + 37.6 log(r) dB
Rayleigh slow fading

Receiver noise density -169 dBm
Power conversion efficiency factor 0.75
SI Cancellation factor 1073

Number of users per cell 2.4,....,50

N
N
o

—+—Case 1
—©6—Case 2
200 Case 3
Baseline Scheme
180 OMA
m
aQ
< 160
2L
g 140 4
€
@ 120 1
[0}
g
5 100 g J
>
<
80 - 7
60 7
40 I I I I I
0 5 10 15 20 25 30

SNR (dB)
FIGURE 2. The average sum rate of the proposed schemes.

TABLE 2. Legends.

Case 1 Perfect SI cancellation
Case 2 Perfect SI cancellation + SI harvesting
Case 3 Imperfect SI cancellation + SI harvesting

Baseline scheme Non-cooperative scheme
OMA Conventional OMA-BF scheme

NOMA-BF with self-energy harvesting and perfect SI can-
cellation (Case 2), and the proposed cooperative NOMA-BF
with self-energy harvesting and imperfect SI (Case 3), see
Table II. The enhancement obtained by the new scheme is
quite remarkable in terms of sum rate. This gain increases
with SNR, as this extra high level of energy will increase the
help of the strong user to the weak user. It is obvious that
case 2 has a better sum rate than case 1 and case 3, while
the performance degrades in case 3 with high SNR as the
residual IS term becomes significant in high SNR regime.
Overall, the proposed scheme shows that a higher sum rate
can be achieved when the strong user is able to harvest the RF
energy to relay information to the weak user. Additional gain
can be obtained if the SI is considered in the energy harvester
indicating that introducing SWIPT technique to the system
not only simulates users to cooperate, but also mitigates the
impact of SI. Furthermore, the conventional OMA-BF has the
poorest performance in terms of sum rate as only one user can
be served per beamforming vector.
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220
—+—Case 1
—6— Case 2
200 Case 3
Baseline Scheme

» 180
Q
o
=3
2 160
o
1S
3
? 140
)
o
o
g
Z 120

1 OOV*/ 4

80 I I I I I I I I

1 2 3 4 5 6 7 8 9 10
Square root of the strong user channel variance

FIGURE 3. The average sum rate as a function of the square root of the
strong user channel gain.

The curves shown in Figure 3, represent the sum rate of
versus the square root of the strong user channel gain. One
can notice that when the channel of the strong user is better,
the enhancement of the proposed schemes on the system
performance increases. The higher the channel gain of the
strong user the higher the SNR and the harvested energy,
resulting in a higher sum rate. This verifies the principle
of distributing the strong users into the different available
clusters.

20

15

Non-cooperative rate

107 R=R2, R1=

Average sum capacity (Mbps)

—+—Case 1
—©—Case 2
Case 3

5 I I I I I
0 0.1 0.2 0.3 0.4 05 06 0.7 0.8 0.9 1

Power splitting factor

FIGURE 4. The average sum rate versus power splitting factor.

Figure 4, illustrates the impact of energy harvesting power
splitting factor, on the sum rate of the proposed cooperative
NOMA-BF protocols. When pr = 0, then no harvested
energy and no cooperation (baseline scheme). For 0 <
pr < 1the strong user harvests energy and starts to cooperate
and the sum rate is increased. One can notice that the rates in
all cooperative cases are higher than the non-cooperative rate.
For py = 1, all energy goes to the energy harvester and the
sum rate equals to the rate of the weak user only. Case 2 still
has the best performance for different values of p;. However,
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FIGURE 5. Total average sum rate with respect to number of users.
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Outage Probability
)

105 E OP of weak user (derivation)
O OP of weak user (Simulated)
OP of strong user (derivation)
O OP of strong user (Simulated)
1 0—6 T T T L I
0 5 10 15 20 25 30

SNR (dB)

FIGURE 6. Outage Probability of Strong and Weak User Versus SNR.

the value of p; can’t be assigned randomly, as it is determined
by the strong user’s target rate.

Figure 5, represents a comparison among the different
combinations of intra-cluster (CCP and fractional transmit
power allocation) and inter-cluster (CCP and equal power)
power allocation algorithms (Table III). The total sum rate
is drawn as a function of the total number of users. It is
clear that adopting CCP algorithm as an inter-cluster and
intra-cluster power allocation schemes outperforms all other
power allocation algorithms combinations. It is shown that
using equal power as inter-cluster power allocation and CCP
as intra-cluster power allocation (Eq-CCP) has better perma-
nence than using CCP as inter-cluster power allocation and
FTPA as intra-cluster power allocation (CCP-FTPA). Hence,
intra-cluster power allocating has a higher impact than inter-
cluster power allocation on the overall system performance at
the cost of increased system complexity.

The curves in Figure 6 represent the outage probability
of both strong and weak user versus transmit SNR. In order
to verify the derived results, the analytical formulas (solid
line) are drawn along with numeral results of Monte Carlo
simulation (dotted line). The match between simulated and
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TABLE 3. Legends2.

[ Algorithm [ Inter-Cluster Power Allocation [ Intra-Cluster Power Allocation

Eq-FTPA Equal Power Allocation FTPA

CCP-FTPA CCP Algorithm FTPA
Eq-CCP Equal Power Allocation CCP Algorithm
CCP-CCP CCP Algorithm CCP Algorithm

derived results verify the correctness of the provided closed-
form formulas.

VII. CONCLUSION

A novel downlink cooperative communication system that
combines NOMA, beamforming, SWIPT, and FD techniques
is proposed. The proposed scheme achieves higher sum rate
than that of the conventional non-cooperative NOMA and the
OMA-BF systems. SI resulting from FD relaying mode is
harvested to provide extra energy to power the relay node
and mitigating the SI negative impact making the FD con-
cept more practical. Perfect and imperfect SI cancellation
techniques are investigated, and it is proved that harvesting
the SI signal while being perfectly cancelled in the informa-
tion decoder is the best scenario. Furthermore, a clustering
algorithm is proposed and the power allocation coefficients
of NOMA per and across cluster are optimized to maximize
the total sum rate of the system. In addition, the outage
probability of both strong and weak users in the system is
derived and verified by numerical simulations.

Appendix
The probability that event (C) occurs can be expressed as
P(C)
_ ]P’( (1 — p)dkarka | by |2
(I = pr)drar | hyer 2 +1
Sroa | oWy 2 +mpidic | gr 12 heaa |2 -0 )

Zjvzl#k 8 |y owj 12 8kt | hawy |2 +1

2

1L
nokSe | ey 12
The distribution of the random variable Z =| hy» |2 follows
the exponential distribution, as the channel between the two
users is single-input single-output (SISO) channel. Hence,
after conditioning on X and Y, P(C) can be expressed as

X>03Y < ®4). (42)

276)7)

©4 o)
P(C) —f fo f @ Gfy (3)deddy

Oy [ee] O-gY
_ / [ e sy, @)
93

using the approximation e~ ¥* 2 1 —yrx for small values of x
(high SNR regime approximation), we can write

N 00 @2 _ ()4
P(C) ~ f / O oy )y

k—1

M! (k=1
T M —b'k - DITWV) g(_1)< i )
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Similarly to [36], the term W can be expressed as

M —k+i
xe™ x) dxfy (y)dy. (44)

.
Il
~. | —

v

Nfl1 _ M —k+i
J— —X
v = (1 - Zj—!xfe )
j=0
M —k+i N—1
M —k+i\ _ x!
CE (e (£
t=0 j=0
——
v

By successive binomial expansion, the term W can be written
in the following form

S OCHE
N t t !
—015,—0 \1 2 = J

=0t
B S 1 et
t1=01=0 tnN—1=0 tl t2

t—tl—... IN—-2 .XN_I t—t - —ty_1
.. ( IN—1 )(m>

N=2 i\ 5+1
< [ )if) - (46)
j=o

By substituting (46) in (45) we can write W on the following
form

M —k+i
= Y (-1)'SyByMyx'e ™, (47)
t=0

Substitution in (44) yields

k—1

M! i(k—1
M — Ik — DIT(N) ;(_1) < i )

M—k+i

Z (—1)' By M,

N 00 @2 _ ()4
/ / 77,0k5k
M! k—1

k—1
M= lk — 1)'F<N>Z(_)< i )
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P(C) =

N 241 7x(l+1)dfo(y)dy

ME C(N = 1417, ¢+ DOs3)
E (=)' 2yByMy =
= (t + 1)N71+t
04 Oy — ®4
/ f (dy. (48)
0 NPk 5

The PDF of the ordered weak user with index / that is grouped
with the strong user k can be expressed according to [35] as

—1 M—I+r
M1 -1\
IO = G == 1)'2( D( )e y<1_e y)
-1

M! (=1
T M- DI 1) Z( 1)( r )

M—Il+r

> =1y (M o r)e‘y@*”. (49)
q=0 i
By implying (49) in (48), the event P(C) can be expressed as
P(C)
M! M!
- M =)k —DII'N) M — DI — 1)!
-1 RN k1 Mk
Z(—l)’( )Z(—l)’( . ) > (1) ZvByM,y
=0 "o "=
I'(N—1+7,(+1)O3)
(t+ 1)N—1+E
M—I+r ©4
i (—1)"(M - r) /04 02~ & gy,
=0 q 0 NPk Sk
B (M)?
N (M D'k — DM — DI — DIT(N)
o\ Mok
Z( 1)’( )Z( 1)!( l. ) > (—)'ZeBiM,
t=0

I‘(N—1+t,(t+1)®3)Mfr( l)q(M l+r) 1
(t + DN+ por q ) npdi

1 1)e~ 494
(@2(1 _ e—(q+1)®4) _ %(_2 . (994 + 2)6 ))
q
(50)

The proof is completed.
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