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Abstract

A non-orthogonal multiple access (NOMA) scheme as a promising strategy for future wire-
less communication networks is proposed in a multi-cell scenario, in which the presence
of inter-cell interference from adjacent cells affects the performance of the users. Moreo-
ver, a novel relay selection criterion assigning a decode and forward (DF) relay per user is
proposed to enhance the performance of cell-edge users. Interferences from adjacent cells
are also considered, where the potential relays are impressed by these interferences. Two
resource allocation problems are derived for sum rate and energy efficiency optimization.
Due to the non-convexity of the problems, the optimization problems are solved by pro-
posing iterative algorithms. An iterative algorithm based on the bisection method is sug-
gested for solving the sum rate maximization problem, while an efficient combination of
a three-stage bisection method and the Dinkelbach algorithm is adopted for dealing with
the energy efficiency maximization problem. Simulation results confirm that the suggested
method considerably outperforms the existing relay selection criterions in terms of both
sum rate and energy efficiency and approaches the exhaustive search with less complexity
order.
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1 Introduction
1.1 Background and Related Works
In the recent past, wireless communication networks have been employing orthogonal

multiple access (OMA) scenarios, in which the communication resources are assigned
orthogonally to different users. However, serving OMA users is restricted by the number
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of orthogonal communication resources, whereas the radio resources are becoming more
limited day by day [1]. Besides, the future wireless networks require high speed of data
rate with low latency [2]. To meet these challenges, NOMA schemes are being recom-
mended as a promising technique realizing efficient resource utilization and high data rate.
Unlike OMA, NOMA employs the same time—frequency resources by allocating various
power levels in power-domain (PD) NOMA and assigning various signature codes in code-
domain NOMA to different users. However, NOMA comes with increasing the intra-cell
interferences, which can be reduced by implementing the successive interference cancella-
tion (SIC) algorithm at each user. In addition to the ability of serving different users in an
identical resource block (RB), which is useful to meet the increasing demand for massive
communications, NOMA can improve both spectral efficiency and user fairness which are
appropriate reasons for employing NOMA in 5G and beyond networks [3].

Furthermore, the cooperative relaying has been efficiently combined with the NOMA
scheme to achieve better performance [4, 5]. In these scenarios, the users with stronger
channel gains act as relays for the users with weaker channel gains. A cooperative NOMA
scheme has been proposed to enhance the outage probability of the system in [6]. Also, in
[7], the outage probability and ergodic rate performance in a downlink cooperative NOMA
scenario were studied, where the base station transmits the users’ information simultane-
ously using a half-duplex (HD) relay. The mutual information and outage probability anal-
ysis of an uplink NOMA in a two-hop cooperative cellular scenario with frequency selec-
tive fading channels were studied in [8]. In [9], the secrecy performance of a NOMA-based
scheme in conjunction with a full-duplex (FD) two-way relay was investigated.

On the other hand, interference is always a challenging issue in cellular networks. Inter-
cell interference from the adjacent BSs and intra-cell interference in NOMA-based com-
munication can limit the system performance. In [1], the principles of uplink and downlink
NOMA communication were presented. In addition, their main distinctions in the pres-
ence of intra-cell and inter-cell interference (ICI) were investigated. The outage probability
of NOMA, considering the effects of both intra-cell and inter-cell interferences, as well
as imperfect channel state information (CSI) and SIC has been studied in [2]. In [10], it
has been shown that the interference in a multi-cell downlink transmission can be reduced
using NOMA in the Massive Multiple-Input Multiple-Output (mMIMO) system compared
to a standalone mMIMO system. In [11], the effect of practical imperfect SIC on the bit
error rate (BER) in a cellular downlink NOMA scheme was investigated. Some available
researches on resource allocation and inter-cell interference reduction in multi-cell NOMA
schemes were briefly reviewed in [12], where a novel signal model was developed for
downlink coordinated multi-point (CoMP) NOMA. In [13], the distributed power alloca-
tion problem for a multi-cell uplink NOMA system was studied, where the inter-cell inter-
ference was treated as additive Gaussian noise. Also, a multi-cell MIMO-NOMA network
and two coordinated beamforming (CBF) methods based on downlink interference align-
ments were presented in [14], in which the beamforming vectors of two base stations (BS)
are optimized in order to cancel inter-cell interference and improve the rate performance
of cell-edge users. In [15], a multi-cell network was suggested using the CoMP NOMA
scheme. Also, the outage performance of the users was theoretically analyzed. The cover-
age probability and rate of users in a downlink NOMA with symbiosis of aerial and ter-
restrial users have been studied in [16]. Moreover, a NOMA-based scheme in a downlink
Poisson multi-cell network has been proposed in [17], where the author’s purpose is to
optimize the cell sum rate in the presence of inter-cell interference. A general multi-cell
NOMA network for achieving optimal user clustering and power assignment considering
inter-cell interference has been presented in [18]. The outage probability of a multi-cell
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NOMA scenario in the presence of interference has been analyzed in [19]. In addition,
a two-cell downlink NOMA system with co-channel interference has been considered in
[20].

Furthermore, there are numerous relay selection criteria that are widely used in the
NOMA-based works. A two-hop cooperative scheme based on NOMA was proposed
in [21], where a DF relay with the best channel quality towards the far-user is chosen to
retransmit the far-user’s signal and this cooperation also facilitates the interference cancel-
lation of the near-user. In [22], the author aims to investigate the effect of correlated fading
channels on the outage performance for a NOMA system with DF relaying, where a three-
stage relay selection model has been deployed to improve the performance. The secrecy
outage of a cooperative NOMA network in the presence of multiple potential relays and an
eavesdropper has been analyzed in [23] employing a two-stage single relay selection algo-
rithm to enhance the secrecy performance. NOMA with Amply-and-Forward (AF) partial
relay selection for the far user and direct transmission for the near user has been com-
bined in [24] to improve the outage performance. Adaptive relay selection following power
assignment in a two-phase cooperative underlay cognitive radio NOMA network has been
presented in [25]. Also, the outage probability of a NOMA scenario with a two-stage relay
selection strategy has been studied in [26]. The outage performances of two relay selection
schemes in a FD-NOMA network have been derived in [27]. In [28], a two-phase coop-
erative NOMA network over Nakagami-m fading channels has been presented, where the
relay selection scheme intends to optimize the system sum rate. A downlink cooperative
NOMA network with two users and multiple relays has been introduced in [29], where two
optimal two-stage relay selection algorithms with fixed and adaptive power allocation have
been proposed. The secrecy outage probability of a downlink NOMA system that jointly
implements relay and antenna selection has been investigated in [30]. In [31], the secure
outage probability and ergodic secrecy capacity of a NOMA-FD relaying system has been
investigated, where the best relay is selected among multiple FD relays. A joint buffer-
aided multi-relay cooperative NOMA scheme with partial relay selection has been devel-
oped in [32]. The outage probability of a downlink NOMA system under best relay selec-
tion and imperfect successive interference cancellation has been studied in [33]. In [34], A
NOMA scheme closed form expression of outage probability considering an imperfect CSI
has been derived in order to evaluate the performance of partial relay selection scheme.
The outage performance analysis of some relay selection schemes in underlay cognitive
NOMA networks has been studied in [35].

1.2 Motivation and Contributions

To the best of our knowledge, the existing works on the cooperative NOMA considering the
inter-cell interference have focused either on the CoMP transmission, where multiple BSs
transmit jointly for the same edge users, or on the beamforming method. These methods
require the channel conditions of the cell-edge users at all adjacent BSs. Moreover, some
works simply treat the inter-cell interference as additive Gaussian noise. However, our pro-
posed method considers a more realistic scenario, where the main cell nodes are not aware
of the adjacent BSs channel conditions and their transmissions are considered as inter-cell
interference, which may limit the performance of the main cell users. We have potential
relays between the BS and the cell-edge users, where they receive the users’ information
based on NOMA and their performances are defected by inter-cell interference. This inter-
cell interference causes that the SINR constraints for guaranteeing the SIC performance are
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not satisfied for NOMA nodes, unlike the previous works. On the other hand, the fairness
condition in a NOMA scheme is also considered. Hence, we have the new constraints to be
considered jointly in the optimization problems which make the problems more general. In
other words, we present a more general scenario that consider both fairness and SIC guar-
anteeing performance constraints which are not jointly considered in the existing literature,
to the best of our knowledge. For dealing with the intra-cell interference effects, we suggest
a novel relay selection which unlike the existing works, selects one relay per user in the
main cell. In fact, in the existing works employing the cooperative NOMA strategy, just
one relay (best relay) is selected for helping the BS to improve the system reliability. When
one relay is employed, the probability that the channel gains from that relay to both users
be suitable is low. Moreover, we can just select the relays that are able to detect the signal
of both users. Therefore, even if we obtain the required performance, it is so likely that we
will not achieve the best possible performance. Hence, we employ one relay per user in the
proposed scheme. This offer increases the degrees of freedom in our scheme and improves
the performance, where the best relay with the best condition can be selected for each user.
Moreover, the proposed criterion not only tries to select the best relay for each edge-user,
but also considers the interference effects from the selected relays on the non-correspond-
ing users. Hence, an efficient relay selection criterion is proposed to jointly improve the
performance of each cell-edge user and mitigate the intra-cell interference impression by
considering the interference channels in the relay selection criterion. In fact, we propose
a novel relay selection, so that despite having the best conditions for the corresponding
user, it has the least interference effect on the other user which can improve the system
performance in terms of rate. It should be noted that we analyzed the performance of the
proposed scheme considering the effect of inter-cell interference, which is more realistic.
Moreover, we compute and present the relay selection computational complexities of the
proposed scheme, the Max—Min scheme, the exhaustive search, and the schemes proposed
in [21] and [25].

Here, we have non-convex optimization problems which force us to propose the prob-
lem transformation and iterative algorithms for solving them. It should be noted that this
scenario can be extended to a model with multiple selected relays and multiple cell-edge
users by employing a new pairing strategy between cell-center relays and cell-edge users,
which can better represent the superiority of our proposed method and can be considered
as an attractive scenario for the future work.

In this paper, we present a cooperative power domain NOMA for a downlink multi-cell
network consisting of a BS, multiple potential relays, and two cell-edge users in the main
cell. No direct link between the BS and the users is assumed. The BS sends the information
of users to the relays based on the NOMA strategy, and two selected relay nodes adopting
the DF decoding act as HD relays for the cell-edge users. In addition, there are two adja-
cent interfering cells. The main contributions of this paper are shorted as follows:

e cooperative NOMA scenario is investigated for improving the sum rate and energy
efficiency. To the best of our knowledge, one relay assignment per cell-edge user in
a multi-cell cooperative NOMA network is suggested for the first time. The selected
relays detect the corresponding cell-edge user data and retransmit the detected data in
the second phase. Therefore, the sum rate formulation and theoretical analysis of this
system model are different and more complex than the previous researches and have
not been studied yet.

e Due to the inter-cell interference, the NOMA SINR constraints for guaranteeing the
SIC performance are not satisfied at the selected relay nodes. Also, the fairness condi-
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tion is considered in the proposed scheme. Hence, more general optimization problems
with the new constraints are introduced.

e There will be a two relay-user pairing, which aims to improve the performance and
mitigate the interference impression and may cause more novelty.

e A novel relay selection criterion is proposed based on both the channel conditions
between the potential relays and the corresponding users and the channel coefficient
between the relays and the non-corresponding users.

e Due to the non-convexity of the optimization problems, a suboptimal approach is sug-
gested to obtain the power allocation for the sum rate and energy efficiency maximi-
zation by iteratively solving the non-convex problems. We use the transformation and
bisection algorithm for solving the sum rate maximization problem while an efficient
combination of transformation, three-stage bisection method, and Dinkelbach algo-
rithm is employed to efficiently solve the energy efficiency optimization problem.

e The proposed method is compared with the Max—Min criterion, two new relay selec-
tion schemes in [21] and [25], and exhaustive search relay selection scheme. The results
depict the superior performance of the proposed method over the Max—Min scheme
and the relay selection strategies in [21] and [25] in the sense of both the sum rate and
energy efficiency while its performance is so close to the exhaustive search relay selec-
tion method with less complexity.

The relay selection computational complexities of the proposed scheme, the Max—Min
scheme, the exhaustive search, and the schemes proposed in [21] and [25] are provided in
this paper. The results show that the complexity order of the proposed scheme is linear in
the number of potential relays.

1.3 Organization

The remainder of the paper is structured as follows. The system model and problem for-
mulations are derived in Sect. 2. Then, Sect. 3 develops the optimization problems and
suboptimal power allocation algorithms for maximizing the system’s sum rate and energy
efficiency, respectively. Section 4 presents the computational complexity of the proposed
scheme and some existing literature. The performance of the proposed algorithms is evalu-
ated by simulations in Sect. 5, and finally the conclusion is presented.

Notations: Through the paper, E{.} is the expectation operator, |x| denotes the absolute
value of variable x, log(.) indicates the logarithm operator, and O(.) stands for complexity
order.

2 System Model and Problem Formulation

In this section, the network description and signal model are illustrated. In addition, the
criterion for the relay selection scheme is presented.

2.1 Network Description
Consider a NOMA downlink cooperative network with three cells. There is a main cell

consisting of one BS and two users in addition to multiple potential relays distributed
in the cell, while there are two interfering cells. Our focus is more on the main cell. Let
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the set of indices of the relays in the main cell be R = {1,2, ..., K}. Two potential relays
must be selected for the cell-edge users, one relay for each user. The maximum power
available at the relays is considered to be less than the BS. Also, the effect of inter-cell
interference from two neighbor cells is only considered on the potential relays, and the
cell-edge users of the main cell are not affected by the inter-cell interference due to the
long distance and shadowing. Both the relays and users are equipped with a single trans-
mit antenna, and the BS also has a single antenna [36]. The BS is not able to transmit
directly to the users and the relays operate in HD mode.

The system model is shown in Fig. 1. In our system model, the BS sends the super-
position of all users’ signals based on PD-NOMA in the first phase. In the second phase,
the selected relays retransmit only the corresponding cell-edge users’ signals to improve
the system’s performance. It should be noted that among the potential relays, the one
that has a maximum channel gain ratio of the one cell-edge user to the other cell-edge
user is selected as the relay for that user.

Let h, denote the channel coefficient between the BS and potential relay
(i=1,...,K). Also, h,idj lje{1,2} denotes the channel coefficient between the potential
relay i and the cell-edge user j. The channel gains can be viewed as exponentially dis-
tributed random variables, provided that the channels are fading with Rayleigh distribu-
tion. We assume that the perfect CSI is obtained with negligible overhead before each
signalling interval.

Interfering cell 1

Main cell
[ N thri
| S
\\)(\// \ A
/'/ \\
¥/
‘\ th ri

First phase ~ ——
Interfering cell 2
Second phase — — —»

Fig. 1 System model
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2.2 Signal Model and Relay Selection Scheme

In the proposed model, the superimposed signal transmitted by the main BS can be
expressed as:

2
Sty =Y VPax, (1) (D)
i=1

where P, denotes the available power of the main cell BS and a; is the power assignment
coefficient for the i-th selected relay. Also, x, represents the signal of the i-th selected
hsrl* > hsr§
coefficient between the i-th selected relay and main cell BS) leading to power allocation
coefficients in the descending order asa, > @;. Moreover, the transmitted signal for relays

should be such that[E{

relay. Without loss of generality, we assume that

(hy,- indicates the channel

X,

2
} = 1,ie{1,2}. The criteria for selecting the relays can now be

expressed as follows:

2
rl":max{min( h,‘d1| /h,id2>}, i=1,..,K )
s . 2 .
ry = maxq min /hrld] , i=1,....K 3)

The signal received at the i-th selected relay can be represented as follows:

2
5

hS

rl

hS

L h’idz

2
Voo () = hyye SO + Y [Py g 41,0, = 1,2 )
k=1

where n,.(f) denotes additive white Gaussian noise (AWGN) at the i-th selected relay with
complex Gaussian distribution of zero mean and covariance of N,. The AWGN is assumed
to be independent and identically distributed (i.i.d.) at all nodes. Furthermore, th,? is the
channel coefficient between the i-th selected relay and the k-th adjacent cell BS and S, ()
denotes the signal transmitted by the k-th interfering cell. The received signal at the i-th
user can be expressed as:

Va0 = Py S0 + by Sy(0) + g (0,0 = 1,2 )

where n, () denotes the additive white Gaussian noise at the i-th user with complex Gauss-
ian distribution of zero mean and covariance of Ny, S;(¢) is the signal transmitted by the
first selected relay and S,(¢) is the signal transmitted by the second selected relay.

In this paper, we present the sum-rate and energy efficiency optimization problems
subject to the maximum available power at the transmission nodes, the NOMA SINR
constraints, and also the constraints on the minimum target rate values. First, the achiev-
able rate formulas in two transmission phases are introduced. The achievable rate at the
first selected relay in the BS transmission phase after applying the NOMA-based SIC
hsrf 2 hsr;

and assuming is expressed as:
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(6)

where p, = Pa,is the power assigned to the selected relay with the better channel condi-

tion and Int; = Zizl \/Ps,

fering cell. Now, the achievable rate at the second selected relay in the BS transmission
phase can be given by:

2
, where PBk denotes the transmit power at the k-th inter-

thr’l*

2

r Ds, [P

o | sy

1
R21 = Elog 1+ 3 @)
Dy, |hgs| +1Inty + Ny

sr2

where p, = P,a, is the power assigned to the selected relay with the weaker channel con-

dition and Int, = ¥;_ \/Pp,

can be represented as follows:

2
th,; . The achievable rate for user 1 in the second phase

2
PP,

h,
T, 1 r|d1
R = zlog 1+
P,

2 ®)
By, ) +N,

where p, and p, are the power assigned to user 1 and user 2 at the first and second
selected relay, respectively. In addition,

h,]* q, | and

hysq, ‘ denote the channel gain between

the first selected relay and user 1 and the channel gain between the second selected relay
and user 1, respectively. The achievable rate for the user 2 in the second phase can be given
by:

2

Pr hr*d
L2 Lige 4 — el ©)

R, 3
pr1 +N0

hrfdz

where

h,; 4 | and

h’f d | denote the channel gain between the second selected relay and user

2 and the channel gain between the first selected relay and user 2, respectively. Finally,
according to the DF relaying method, the achievable rates for user 1 and user 2 are obtained
as (10) and (11), respectively.

Ry = min(R]".R}") (10)

R, = min(R}' ,R}’) (11)
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3 Analysis of Optimization Problems

This section provides the analysis of the sum-rate and energy efficiency of the proposed
model in two subsections, respectively. In addition, the iterative Algorithms for achieving
the maximum performance in perspective of sum-rate and energy efficiency are presented.
Moreover, we discuss about the convexity of our optimization problems.

3.1 Sum-rate Maximization Analysis

Based on (10) and (11), the sum-rate formulation can be simply defined as R, = R + R,.
Accordingly, the sum-rate optimization problem is expressed as (12). It is worth noting
that constraints C1 and C2 indicate that the minimum target data rate should be satisfied.
Also, constraints C3 — C4 and C5 demonstrate that the transmission power allocated at the
selected relays and the BS should be lower than the available transmission powers p, "™*
and P/, respectively. Constraints C6 — C7 guarantee that the near selected relay can
decode the signal of the far selected relay. Constraints C8 — C11 imply that all the trans-
mission powers should be non-negative.

max R, +R,
PsyPsy Pr Pry

Cl: R 2R —R]' > R"™&R > R"™"
C2: Ry >R — R} > RI™&R) > RI™
C3-C4: p, <pi=12

2
C5: ) p, <P™
k=1

2 2
ps: hsr* ps, hsr*
C6 : L > 5 = Py, 2Py, (12
Py, hsrf +Inty + Ny py, hsrT + Int; + N,
2 2
psz hsr;‘ ps2 hsr;F
2 - 2
Py, hsr;« +1Inty + Ny  py hsr; + Int, + N,

B-C9: p, 20, i=12
Cl0-CIl:p, 20, i=12

First, we should discuss about the convexity of the problem in (12). It should be
noted that while the objective function in (12) is non-convex due to the logarithmic and
fractional rate functions, the constraints C1 — C2 and (after applying the exponential
function on two sides of the constraints) and also the constraints C3 — C11 are linear
and therefore convex. Hence, we can’t solve the maximization problem employing the
standard optimization solvers and must transform the objective function. To deal with
this problem, two variables namely r; = min(RlTl,Rsz) and r, = min(Rzr',R?) are intro-
duced to replace the functions R, and R,, respectively to have a linear (convex) objective
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function based on r; and r, [37]. But, with this conversion the constraints R]T‘ >,
RIT2 >, Rgl >r,, and RQT2 > r, are added to the optimization problem which should
be proved that are all convex (convexity is determined by computing of Hessian matrix

. . . . T,
eigenvalues (4,,)). For example, we obtain these eigenvalues for the constraint R)* > r,
with parameters p, , P and r, as follows:

Pr hr*d,
R?Zrz:}%log 1+ 2 >r, >
haq| +N,
prl rid, 0
2 2
Pr, hridz 2 <pr1 h’sz) +N0> (22r2 - 1)
0 0 0
2 2r,
g_|0 0 2|h,.]*d2| 22
2 2
2r. 2r,
0 2|h., | 227 4<p,1 | +N0>(2 2)

5 2
2r. _
hyeq, hrl*dz' 2 2) =0

? + N0> (22’z)> — Aeig (2
(13)

where 7 is the identity matrix. It can be shown that the eigenvalues in (13) include a domi-
nant positive value, a zero value, and a value very close to zero. Hence, the Hessian matrix
in (13) is semi-definite resulting the constraint R2T2 > r, is convex. This result is also hold

Auig] — H| =0- 2, </1€,.g - 4<p,1

for the other new introduced constraints defined as RIT2 > r; and Rgl > r,. On the other
hand, the constraint RITl > ry is linear. In this way, the sum-rate optimization problem
becomes a convex problem. It is worth noting that, if we set 7, > R,"" and r, > R,™", the
constraints C1 and C2 on R,"" and R,™" in (12) can be satisfied. Accordingly, the modified
and convex sum-rate optimization problem can be presented in (14).

max rtn
PsyPsyPryPry-T1:12

Cl: R 2r —R'>r&R>>r

C2: Ry>ry,— RZT‘ > rz&RzT2 >r, (14)
C3-Cl11: C3-Cllin(12)

Cl2-C13 :r,2R"™, i=12

Compared to (12), constraints C1 and C2 have been replaced and constraints C12 and
C13 have been added to the optimization problem. Although the problem in (14) is a
convex problem, obtaining the parameters of the optimization problem using the stand-
ard solvers (Lagrangian method) is accompanied by high complexity, where the Lagran-
gian equation contains both linear and exponential terms. On the other hand, the ranges
of the variables r; and r, are approximately known leading us to propose an iterative
algorithm based on the bisection method to solve the optimization problem [37]. There-
fore, knowing the values of r, and r, in each iteration, we propose a new convex problem
with the new objective function and the same constraints for the sum-rate maximization
problem as:
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2 2
min Zpsk + ;p,k (15)

Pay Py PryPry

Cl—C13in (14)

It should be said that the constraint C7 in (14) is an important constraint which guar-
antees the SIC performance at the near node in the NOMA-based strategies. In previ-
ous researches, this constraint is usually satisfied by itself in the basic NOMA schemes,
where the inter-cell interference effect is not considered, or the authors ignored it for
simplicity. In the presence of inter-cell interference, we must consider C7. On the other
hand, we present for the first time a more general problem where both constraints C6
and C7 are considered in order to jointly satisfy the fairness condition and guarantee the
SIC performance in the NOMA scheme. Hence, we have an optimization problem with
a more realistic scenario and more general solution. The iterative sum-rate optimization
Algorithm (Algorithm 1) based on the bisection method has been proposed in Table 1.
It is worth noting that Algorithm 1 and Algorithm 2 are proposed for solving the sum
rate and energy efficiency optimization, respectively.

Table 1 Sum-rate iterative optimization Algorithm

Algorithm 1

1.

PN hWN

If {ps1 +ps, > B & ps, < Psm’”‘/Z} or p,, > p2%* then
11.
12.

13.
14.
. End while
16.

17.
18.
19.
20.
21.
22.

24.
25.

Ds, = Psmux — Ps,

End if

updater; &1,

Fori=1:2

If r; < R;™™ then
L= 0

End if

End for

pgma:

X
2 (|hsrf

Initializer, s, = R,™" | 15, = R, 1yp, = logz( *J(NO + Intl))) , Typz =

log, (PS”““‘ Iz, | /0 + Intz)))

‘While (TUB,1 - TLB,1) = eor (TUB,z - TLB,Z) >e¢ do

Setry = (ryp1 + 1181)/2 & 1, = (ryp2 +1182)/2;

Solve the convex problem in (15) based on Lagrangian method and obtain py, , ps,, Dr,> Pr,
If p;, > P,™%*/2 or p,, > p/i® then

Setrypy =11

Elseif p;, < B™%/2 & p,, < p/i™ then

Setryp; =1

End if

Tupz = T2

Else if {p;, +ps, < B &p,, < pp*} or {ps, + ps, > B & ps, = B /2 & p,, < pp¥)
then

T2 = T2

End if

Set ps, = min(max(O,psl),Psm“"/Z), Pr, = min(max(o, prl), p}'l“”‘) &
max

prz = min(ma’x(o’ prz)’prz )
If ps, +ps, > P™ then
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3.2 Energy Efficiency Maximization Analysis

This section presents the analysis of the energy efficiency problem, proposing an iterative
algorithm is suggested to obtain the optimal resource allocation for maximizing the energy
efficiency of the system. It is worth noting that we define energy efficiency as the achievable
sum rate over the total power consumption. The total power in our scheme is the sum of the
power consumed at the BS, the power consumed at the selected relays, and the circuit power
consumption. The energy efficiency optimization problem is derived in (16), where P,. indi-
cates the circuit power consumption. As can be seen from (16), the objective function is a
fractional function and is not convex. However, the constraints are similar to the sum-rate
maximization problem and hence convex. First, the variables r; and r, are introduced into the
numerator of the energy efficiency objective function to replace the functions R, and R,,
respectively. This reformulation adds convex constraints RIT1 > RIT2 >r, R;‘ > r,, and
R? >r, to the optimization problem. Given r; > R’l""” and r, > R’Z”i", the constraints
RlT' > R’l"i”, RIT2 > R’]”i”, R2T' > RT", and RZZ > R’z”i" are eliminated from the optimization
problem, so that the transformed optimization problem can be derived in (17). The optimiza-
tion problem is still not convex. However, both the numerator and the denominator of the frac-
tional objective function are linear over the parameters of the optimization problem and thus
either convex or concave. Therefore, it is possible to use the Dinkelbach method [38] and
transform the optimization problem into (18). We should know that # in the (18) is a positive
parameter. The optimal solution can be found by solving the problem parameterized by # such

2 2

that Fop) = (r, + 1) =n| X p, + X p, +P. | =0[39].
k=1 k=1

2 2
max (R +R,)/ ps, + ), p, +P.
Pay Pry Pry Pry ( ) ,; % ,Zl‘ "k
Cl: R 2R — R]' > R'"™&R> > R
C2: Ry >R — R} > RIM&R)® > RI™
C3-C4: Pr, sp’r’f“", i=12

2
C5: Yp, <P
k=1

2 2 (16)
ps2 hsrT psl hsrf
C6 3 > 3 = P, 2Py,
Dy, hs,T +Int + Ny py, hs,T + Int; + N,
2 2
psz hsrT psz hsr;
Cc7: > > 3
Py, hsrT +Inty + Ny  py hsr; + Int, + N

C8-C9: p, 20, i=12
Cl0-Cll:p, 20, i=12
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2 2
max r+r o+ +P
Pay Psy Pry Pry T2 (i +7) /< 1; Ps, ; Pr, C)

Cl: R 2r —R'>n&R>r an
C2: Ry2r,— R >n&R> >r,
C3-Cl1: C3-Cllin(16)

Cl2-C13 : 1, ZR:”i", i=1,2

Py, Pyy Pry Pry

2 2
max (”1 +r2) -n Zpsk +Zp,k + P,

k=1 i=1 (18)
Cl1-C13in (17)

The energy efficiency optimization problem is now convex. Similar to the sum rate
maximization problem, the ranges of the variables r; and r, are known and therefore it is
possible to propose and employ an iterative algorithm on the basis of the bisection method
to solve the optimization problem. This algorithm (Algorithm 2) is shown in Table 2. For
the sake of clarity, it should be mentioned that we have presented an iterative algorithm
with an inner loop namely the three-stage bisection method, and an outer loop namely the
Dinkelbach method.

We know that energy efficiency has a Gaussian behaviour with respect to power con-
sumption. On the other hand, the data rate increases logarithmically with power con-
sumption. As a result, it can be found that the energy efficiency function has a Gaussian
behaviour over the rate variables. Hence, in the proposed algorithm we achieve the optimal
rate of each user based on the three-stage bisection method within the maximization of
the energy efficiency function, where in each iteration we employ the three times bisec-
tion method instead of employing once as compared to the general bisection method and
achieve three rate values in each iteration. When these three values become equal, the con-
vergence is obtained, and the inner loop is completed. It is worth noting that the optimiza-
tion problems, after being transformed into convex problems, can be solved by the usual
convex problem solution. However, by using the proposed algorithms instead of analyzing
and solving the problems based on the numerous parameters and equations, we achieve the
optimal solution with less complexity.

4 Computational Complexity

This section presents the computational complexity of the proposed relay selection scheme
and compares it with the complexity of the existing schemes. For analyzing the complex-
ity of the proposed relay selection scheme, we need to know what steps are taken in this
scheme. First, the channel gain ratio from each relay to cell-edge users should be calcu-
lated. The complexity of this process for K potential relays is equal to K ~ O(K). In addi-
tion, the min operation for potential relays imposes the complexity of O(K) to the system.
In the following, the max operation on the K obtained values is a process with O(K) com-
putational complexity. After selecting the first relay and removing it from the list of poten-
tial relays, a similar computation for K — 1 & O(K) remained potential relays should be
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Table 2 Energy efficiency optimization Algorithm

Algorithm 2

1.
2.

3.

el A

10.
11.
. update 1y, & 1y
13.
14.
15.
. End if
17.
18.
19.
20.
. Typy =T1r & Tip1 =Tipa
22.
23.
24,
25.
26.
27.
28.
29.
30.
31.

Initialize n(n) =0,n=1,¢c=1e —3
While |F(n(n))| = € do

P

ax
2 (|h$r§

Initialize 1,5, = Ry"",1; 3, = R,™" , Typy = logz(

. 2
Tyg2 = log, (Psmax ( hSTzl /(NO + Intz)))
While (Tu5,1 - TLB,1) > edo
Setr, = (TUB,1 + TLBJ)/Z & 1, = fixed value
Setry, = (rUB,l + rl)/Z &1y = (TLB,l + rl)/Z
Solve the convex problem in (18) in terms of the given ry, & 77, and obtain py,, ps,, Py, Pr, for
these two different rate values by Lagrangian method
Set ps, = min(max(0,ps, ), " /2), pr, = min(max(0,p,, ), p1e¥) &
p,, = min(max(0,p,,), p1*)
If ps, + ps, > P,""*" then
Ds, = Psmax — Ps,
End if

2/(NO + Intl))),

For k € {r,1}
If ry < R{™" then
=0

End for

Obtain EE (ry,) = (1, + Tz)/(Psl tps, + o + prz)
Obtain EE (ry) = (ry + rZ)/(psl +Ps, T 0, + prz)
If EE(ry,) > EE(ryp,1) then

Else ryp 1

Typ1 = IfEE (r;) > EE(ryp,) & 1p1 =71y
End if

End while

Setr, ="

repeat steps 4-26 with the achieved optimum r; (r;") for 7, and obtain 1,7, ps,, ps,. Pr,» Pr,
Update F(n(n)) = P + 1,7 — n(n)(ps, + ps, + Pry + Pr,)

Update n(n+ 1) = (5 +157°)/(ps, + ps, + Pr, + ;)
Updaten=n+1

End while

performed for selecting the second relay. In this way, the total complexity of the proposed
relay selection scheme can be presented as:

proposed scheme complexity =K + O(K) + O(K)+ K -1+ OK - 1)+ OK — 1) ~ O(K)

19)

It can be seen that the proposed scheme is linear in the number of potential relays.
As the same way, the complexity of the max—min scheme for selecting two relays can be
expressed as:

max—min;scheme complexity = O(K) + O(K) + O(K — 1)+ O(K — 1) = O(K) (20)

This equation proves that the max—min is also linear in the number of potential relays.
Of course, our proposed scheme is a bit more complicated than the max—min scheme. This
comes from the employing division operator in the proposed scheme.

@ Springer



Sum-Rate and Energy Efficiency Optimization by Novel Relay... 239

In the following, we present the complexity order of two recent relay selection schemes
which are proposed in the [21] and [25]. In these schemes, relay selections are imple-
mented in two stages. In the first stage of the scheme proposed in [21], the potential relays
which guarantee the quality of service (QoS) requirements are selected. For selecting the
first relay which must detect both users’ signals, this process consists of the calculation of
SINR for both users at each relay and comparing them with a predefined threshold. The
computational complexity of SINR calculation is equal to 8K in this case including three
productions, three summations, and two divisions for each potential relay. Moreover, the
complexity order of comparison with the predefined threshold for all potential relays is
O(K) for each user. In the second stage, the relay with the best channel gain to the cor-
responding user is selected from the relays qualified in the first stage for each user. If we
define the number of qualified relays for userl as K|, and the number of qualified relays
for user2 as K,, the complexity order of this process behaves as O(K ) and O(K, ) for two
users, respectively. Therefore, the total complexity of the proposed scheme in [21] can be
presented as:

complexity of scheme in [21] = 8K + O(K) + O(K) + O(K,) + O(K,) = O(K) (21)

It can be seen that the complexity order of the scheme in [21] is also linear in the num-
ber of potential relays. However, the complexity of this scheme is approximately similar to
the proposed scheme. In addition, we investigate the proposed scheme in [25]. This scheme
is also based on two-stage relay selection. The first stage is similar to the scheme in [21].
But, in the second stage the relays which cause maximum SINR at the corresponding users
are selected. This means that we need to compute the obtained SINRs at users from relays
which selected in the first stage (with complexity equal to 4K, (K2 - 1), where K, and K,
are the number of qualified relays for userl and user 2, respectively) and compare them
with the predefined threshold (with the complexity order as O(K 1 Kz)). It comes from the
fact that the relays which detect the userl signal definitely detect the signal of the second
user (based on NOMA strategy). Hence, the relays that qualified for userl in the first stage
are a subset of relays that qualified for user2. Therefore, when we are investigating the con-
dition of a relay qualified for userl, one of the potential relays qualified for user2 decreases.
That’s why all possible cases are equal to K (K2 - 1) in the second stage. These values
are also true for selecting the second relay. Therefore, the total complexity of the proposed
scheme in [25] can be presented as:

complexity of scheme in[25] =8K + O(K) + O(K) + 4K, (K2 - l)
+O(K\K,) +4K, (K, — 1) (22)
+O(K\K,) ~ O(K(K,)

It is obvious that the complexity order of the scheme proposed in [25] is not linear in the
number of potential relays. Hence, this scheme is more complicated than the other schemes
reviewed or proposed in this paper.

Finally, we present the exhaustive search scheme that needs to investigate all possible
cases for selecting the best relays. We know that this is an optimal scheme from the perfor-
mance point of view. However, the complexity of exhaustive search is very high, especially
for large networks. Hence, this is not a practical scheme, and we present that only for com-
parison. In the exhaustive search we must compute and compare all possible cases and then
select the best case. In the previous schemes and after selecting the best relays, we apply
the optimization algorithm just once to achieve the optimal power values. But, in the
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exhaustive search scheme it is needed to repeat the optimization algorithms for< ) ) times

(all possible cases that select two relays from K potential relays) and finally select the best
two relays. As mentioned, we must implement the optimization problem for

(12< > ~ O(K?) times and then apply the comparison operation in order of O(K?) which

show the exhaustive search is much more complex than the schemes investigated so far.

5 Results and Discussion

In the following, the performance of the proposed strategy in terms of sum-rate and
energy efficiency is evaluated through numerical results. We consider a three-cell sce-
nario with cooperative NOMA using the distributed potential relays in the main cell.
Two other cells are considered as interfering cells. It is assumed that the BSs in each cell
are located at the edge [40]. The potential relays in the main cell are uniformly deployed
in a circular area between the BS and the cell-edge users. The path loss exponent is con-
sidered to be 2 and the noise power N, is set to 0.01. The minimum target data rate
(R;"’") is the same for both users. In addition, the circuit power consumption is set to
P.=0.1 watts. In addition, it is assumed that the transmission power available at the
relays is half of the transmission power available at the BS. It should be mentioned that
the simulations are generated from 100,000 independent realizations of different channel
conditions. Also, the iteration error tolerance ¢ is set to 0.001 for both the bisection and
Dinkelbach methods.

Figure 2 depicts the comparison of the suggested method with the Max—Min relay
selection, two-stage relay selection schemes in [21] and [25], and exhaustive search relay
selection schemes in terms of sum rate over SNR with a cell radius of 50 m, consider-
ing two different numbers of potential relays. It should be noted that SNR is defined as
the ratio of the available power at the BS to the noise power. The minimum target data
rate is considered to be R;""” = lbps/Hz. As can be viewed from the figure, the proposed
scheme considerably outperforms the Max—Min scheme and the proposed schemes in [21]
and [25], especially when the number of potential relays increases. Also, the proposed
scheme approximates the exhaustive search in both numbers of potential relays. It should
be noted that the proposed relay selection method achieves this performance with much
less complexity.

In Fig. 3, we illustrate the sum-rate results versus the cell radius for the proposed
scheme, Max—Min scheme, the exhaustive search, and the schemes proposed in [21] and
[25], where 4 potential relays are employed and SNR =10 dB. The minimum target data
rate is also set to R;”"’ = lbps/Hz. It is clear that the suggested method has superior perfor-
mance compared to the Max—Min scheme and the schemes proposed in [21] and [25]. This
superiority for a cell radius of 40 m over the Max—Min scheme, the scheme in [21], and the
scheme in [25] approaches 100, 100, and 40%, respectively. Moreover, the performance of
all schemes deteriorates gradually as the cell radius increases.

Figure 4 evaluates the comparison of the proposed method sum rate with the Max—Min
method, the exhaustive search, and the methods proposed in [21] and [25] over SNR for
different target rate values (R = 1bps/Hz and R™" = 1.5bps/Hz) with cell radius of
50 m, where the number of the potential relays is set to 4. Similar to the previous results,
the proposed scheme achieves a better performance against all schemes except the
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Fig.2 Comparison of the suggested method with the Max—Min scheme, the exhaustive search, and the
schemes proposed in [21] and [25] in terms of sum rate over SNR with cell radius of 50 m for two different
number of potential relays and R = 1bps/Hz
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Fig.3 Sum rate versus the cell radius for the proposed scheme, Max—Min scheme, the exhaustive search,
and the schemes proposed in [21] and [25] with 4 potential relays and R;”"” = lbps/Hz

exhaustive search, where with increasing the SNR values the performance gap between the
proposed method and the Max—Min method and also two-stage relay selection methods is
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more obvious. Moreover, increasing the target rate values degrades the performance of all
schemes by decreasing the feasibility probability of the optimization problem.

Figures 5 and 6 depict the comparison of the proposed scheme with the Max—Min
scheme, the exhaustive search, and the schemes proposed in [21] and [25] in terms of
energy efficiency over SNR with a cell radius of 50 m for 2 and 4 potential relays, respec-
tively. It should be mentioned that the figures for different numbers of potential relays are
shown separately for clarity and better comparison. Also, the minimum target data rate con-
sidered to be R;’"” = lbps/Hz. When the number of potential relays is equal to 2, the pro-
posed scheme achieves approximately the same performance as exhaustive search. How-
ever, when the number of potential relays is increased to 4, there is a small performance
gap for some SNR values. It should be noted that, again, we achieve this performance with
only one repetition of the optimization algorithm, whereas the exhaustive search repeats
the algorithm K(K — 1)/2 times, where K is the number of potential relays. It is clear that
increasing the number of potential relays causes high complexity in the case of employing
exhaustive search relay selection. On the other hand, we can see from Figs. 5 and 6 that the
proposed scheme achieves considerably better performance than the other schemes, where
this superiority increases with increasing the number of potential relays.

Figure 7 shows the energy efficiency performance over cell radius for the proposed
scheme, Max—Min scheme, the exhaustive search, and the schemes proposed in [21] and
[25] at SNR=10 dB, where 4 potential relays are employed and R;’"” = 1bps/Hz. It can
be seen that the suggested scheme has a superior performance compared to the Max—Min
scheme and the schemes in [21] and [25], especially in the areas with a smaller cell radius.
This superiority for a cell radius of 40 m over the Max—Min scheme, the scheme in [21],
and the scheme in [25] approaches 110, 110, and 40%, respectively. Moreover, the perfor-
mance of all schemes gradually deteriorates as the cell radius increases. Figure 8§ evaluates
the comparison of the sum-rate of the suggested scheme with the Max—Min scheme, the

12 Sum Rate with different thresholds and 4 potential relays
" | —#%— Proposed Relay selection, Rmin=1 ' ' ‘ ‘

-A ‘Proposed Relay selection, Rmin=1.5
—#— Max-Min Relay selection, Rmin=1
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= = :Ref.[25], Rmin=1.5

E 0.8 |—#— Ref.[21], Rmin=1
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_g" —#— Exhaustive Search, Rmin=1
T 0.6 |— — ‘Exhaustive Search, Rmin=1.5
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<
& 4
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A
0.2 4
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SNR(dB)

Fig.4 sum rate comparison of the proposed method with the Max—Min method, the exhaustive search, and
the methods proposed in [21] and [25] over SNR for different target rate values with cell radius of 50 m and
4 potential relays
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Fig.5 Comparison of the proposed method with the Max—Min method, the exhaustive search, and the
methods proposed in [21] and [25] in terms of energy efficiency over SNR with cell radius of 50 m, 2
potential relays, and R:,"i" = lbps/Hz
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Fig.6 Comparison of the proposed scheme with the Max—Min scheme, the exhaustive search, and the
schemes proposed in [21] and [25] in terms of energy efficiency over SNR with cell radius of 50 m, 4
potential relays, and Rl’.""" = lbps/Hz
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Fig.7 Energy efficiency versus the cell radius for the suggested scheme, Max—Min scheme, the exhaustive
search, and the schemes proposed in [21] and [25] with 4 potential relays and R;’”'” = lbps/Hz

exhaustive search, and the schemes proposed in [21] and [25] over SNR for different target
rate values (le"i” = 1bps/Hz and Rl’.”i” = 1.5bps/Hz) with a cell radius of 50 m, where the
number of the potential relay is set to 4. It is obvious that the suggested scheme obtains a
better performance compared to other schemes except the exhaustive search, where with
the decreasing the target rate value it can be seen that the suggested scheme at SNR=8 dB
outperforms the Max—Min scheme, the scheme in [21], and the scheme in [25] more than
90, 90, and 40%, respectively. Moreover, increasing the target rate values degrades the
performance of all schemes, where the feasibility probability of the optimization problem
decreases as the target data rate value increases.

6 Conclusion

This paper investigated a three-cell communication network in which two adjacent cells
affect the performance of the main cell with inter-cell interference. Employing HD coop-
erative NOMA, the BS in the main cell aims to broadcast the signals of its mobile users in
two phases. The multiple potential relays are uniformly distributed in the main cell, while
two users are located at far locations relative to the BS. In the first phase, the BS sends
users’ signals to the potential relays based on the NOMA strategy, while in the second
phase two selected relays simultaneously retransmit their corresponding users’ signals. We
selected one relay per cell-edge user, which is for the first time in a multi-cell cooperative
NOMA scenario. On the other hand, we proposed a novel relay selection criterion so that
each selected relay signal not only experiences good channel conditions while the transmit-
ting to its user, but also has as little impact as possible on the performance of the other user.
Considering the inter-cell interference in the proposed model resulted in the addition of a
new constraint to the optimization problems, which made the problems and their solutions
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Fig.8 Energy efficiency comparison of the suggested scheme with the Max—Min scheme, the exhaustive
search, and the schemes proposed in [21] and [25] over SNR for different target rate values with cell radius
of 50 m and 4 potential relays

more general. The sum-rate and energy efficiency maximization problems were presented,
where both of which were non-convex, and we employed the transformation to relax them
and make them convex. An iterative algorithm based on the bisection method was pro-
posed to assign the power allocations for maximizing the sum-rate, while a three-stage
bisection method in combination with the Dinkelbach algorithm was proposed to solve the
energy efficiency optimization problem. The simulation results demonstrated that when the
cell radius is set to 50 and the number of potential relays is set to 4, the proposed method
significantly improves the system sum-rate and energy efficiency over the Max—Min relay
selection method, the relay selection method in [21], and the relay selection method in [25]
by more than 100, 100, and 40%, respectively. In addition, the proposed scheme achieves
approximately the same performance as exhaustive search relay selection with a much
lower order of complexity. It should be noted that the proposed scenario can be extended
to a model with multiple selected relays and multiple cell-edge users by employing a new
pairing strategy between cell-center relays and cell-edge users. In this paper, we presented
a scenario with only two users. However, in the more realistic scenarios, the number of
users is much more. Therefore, if we want to assign one relay per user in a dense sce-
nario, maybe the exact scheme that was proposed in this paper is not a suitable criterion.
In fact, it is possible and appropriate to use the concept of the proposed scheme, but we
should propose a new scheme that considers the effect of each selected relay on more than
one non-corresponding user, where the criterion should be modified and more general to
achieve the best performance. Proposing a suitable modified scheme in the dense scenario
(with more than two users) can show more the gain of our scheme compared the existing
works. Moreover, defining a MIMO system model can be a more general future work with
more challenging solutions.
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