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Abstract To support the massive connectivity in Internet of Things (IoT), several promising tech-

niques like cognitive radio (CR) and non-orthogonal multiple access (NOMA) enables the user to

share spectrum resources. This work aims to achieve fairness among secondary users (SUs) in IoT

cooperative NOMA-based CR transmission. We design a power allocation algorithm, an indepen-

dent battery constraint at each node is considered, and power gap among transmissions of two

NOMA users is applied for successive interference cancellation. The simulation results show that

the proposed framework provides excellent performance and for sufficient available transmission

power perfect fairness is achieved.
� 2021 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria

University. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/

4.0/).
1. Introduction

The use of orthogonal multiple access (OMA) systems is well
known because of their excellent performance [1–3]. However,
the Internet of Things (IoT) demands high spectral efficiency

(SE) which the OMA systems are unable to provide [4,5].
Hence, researchers have recently been working on finding a
better multiple access substitute. Non-orthogonal multiple

access (NOMA) provides better performance as compared to
OMA and is a potential candidate for the IoT systems [6,7].
NOMA offers high spectral efficiency because it enables multi-
ple IoT users to simultaneously share a single channel [8]. This
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can be accomplished by superimposing multiple signals at the
transmitter side using the superposition coding technique and
then successfully decode it at the receiver side with the help of

successive interference cancellation technique (SIC) [9]. This
can be accomplished by superimposing multiple signals at
the transmitter side using the superposition coding technique

and then successfully decode it at the receiver side with the
help of successive interference cancellation technique (SIC)
[9]. Another network that provides high spectral efficiency by

employing spectrum reuse is cognitive radio (CR) [10]. In the
CR systems, the unlicensed secondary users (SUs) share the
channels of the licensed primary users (PUs) [11].

In the advanced communication networks, optimization

becomes necessary to obtain the desired performance [12,13].
Energy efficiency is one of the most important issues in various
emerging network technologies [14–16]. Optimal power alloca-

tion is very important to enhance the performance of the com-
munication networks [17,18]. Thus, in the literature the
problem of power optimization for NOMA and CR based sys-

tems have been considered many times. In [19], the power allo-
cation was optimized such that the rate demand of each user is
satisfied. The authors in [20] proposed a power optimizing

framework for maximizing the energy efficiency of NOMA
networks. The problem of secrecy rate maximization in
NOMA was studied in [21]. Then, the authors in [22] optimized
power loading for rate maximization in NOMA networks.

However, the results showed that the designed framework sac-
rifices user-fairness to increase the sum rate of the system.
Hence, a sequential quadratic programming based framework

was proposed in [23] to achieve fairness in the rates of all the
users in a NOMA system. The results showed that the conver-
gence rate of sequential quadratic programming is slow, thus

the solution may not be useful in practical scenarios. For
CR, the problem of power optimization for energy efficiency
maximization was considered in [24]. In [25], power distribu-

tion was optimized to provide security in CR networks. Then,
the problem of optimal power distribution for sum rate maxi-
mization was solved in [26]. In [27], the authors optimized
power loading to attain fairness in CR. Similarly, several

researches have also investigated optimization framework in
backscatter-enabled NOMA networks [28–30].

Recently, the idea of cooperative communication has come

forward as a technique that can further improve the perfor-
mance of a communication networks[31]. In NOMA, a super-
imposed signal containing symbols of all the users is

transmitted to all the receivers. A user with better channel con-
dition (strong user) employs successive interference cancella-
tion (SIC) to decode the intended symbol. For this, the
strong user first decodes the symbols of all the users having

comparatively bad channel conditions (weak users) and then
remove these symbols from the received signal [32]. The strong
user can then cooperate by relaying the decoded data to the

weak users. This cooperation can further improve the perfor-
mance of the communication system. The problem of optimiz-
ing power loading for enhancing the energy efficiency in

cooperative NOMA was considered in [33]. In [34], a power
loading technique was proposed for cooperative NOMA sys-
tems where the objective was to enhance the security of the sys-

tem. For rate maximization in cooperative NOMA, the
authors in [35] proposed a power allocation framework. Con-
sidering a cooperative CR system where the two SUs present in
the system relay each others data to the secondary receiver, the
authors in [36] worked to enhance the energy efficiency of the
system. Later, the authors in [37] studied power allocation for

secure communication in cooperative CR systems.
A NOMA based CR system can provide further improve-

ment in the performance of the network. Hence, the combina-

tion of NOMA and CR has also been considered by some
works in the literature. The authors in [38] optimized the
power loading such that the number of secondary users that

can access the channel is maximized. The problem of maximiz-
ing rate in NOMA has been considered in [39]. In these inter-
ference susceptible systems, the task of achieving fairness
among users might become very critical for the successful oper-

ation. Further, a cooperative NOMA-CR system has the com-
bined benefits of all the systems discussed till now. To the best
of our knowledge, the problem of optimizing resource alloca-

tion to achieve fairness among the secondary IoT users in a
cooperative NOMA based CR system has not been studied
yet. Thus, to bridge this gap, we aim to provide an efficient

solution for power allocation to achieve fairness among the
IoT users in a cooperative NOMA underlay system. For this,
we propose a bisection method based framework for power

allocation at the transmitters, subject to the independent bat-
tery capacity of each node. The main contributions of this
paper can be summarized as:

� To achieve fairness in the rates of the SU in IoT, a power
allocation problem is formulated under constraints of indi-
vidual power budget at the transmitter and relaying node,

interference temperature, and NOMA requirement of ade-
quate gap in the received powers for successive interference
cancellation.

� We propose a cooperative transmission where we consider
decode and forward relaying at the cooperative-node
(strong IoT user), and the transmission is completed in

two time slots. In the first slot, the transmitter (ST) sends
data to the receivers. In the second slot, the strong IoT user
relays the data to the far away user (weak IoT user). The
received signals at the weak user in the two time slots are

merged by using maximum ratio combining.
� An efficient solution based on the bisection method is pro-
vided for the optimal power allocation at the transmitting

nodes. The simulation results show that the proposed
framework achieves perfect fairness while providing protec-
tion to the primary system. For very small values of the

available power and interference threshold, the results show
that it becomes impossible to provide perfect fairness while
satisfying all the constraints. However, the proposed frame-
work provides excellent performance at these points as well.

The remaining of the paper is organized as follows: Sec-
tion 2 discusses the considered system model and problem for-

mulation. The proposed solution is explained in Section 3. The
simulation results are provided in the Section 4. Finally, the
work is concluded in Section 5.
2. System model and problem formulation

The considered system model is shown in Fig. 1. We have

considered a NOMA based cooperative underlay IoT system
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containing two secondary IoT receivers1: user-i that is closer
to the ST hence is also called the strong IoT user, and a user-
j, which is comparatively far from the ST, thus is the weak

IoT user. We assume that all the devices in the network is
equipped with omni-directional antenna and the channel state
information is also available [40]. We also assume that the

channels are independent and identical Raleigh fading
[41,42]. The ST transmits data to both IoT users in the pres-
ence of user-k which is the primary receiver (PR). The avail-

able time is split into two slots of equal duration. First, ST
employs NOMA to transmit data to both the IoT users on
the same channel, simultaneously. Then, in the second slot
the user-i relays the data to the user-j. In the system model

jhs;ij2; jhs;jj2 and jhi;jj2 represent the channel gains from ST

to user-i, ST to the user-j and from the user-i to the user-j,

respectively. Further, jfs;kj2 and jfi;kj2 are the gains of interfer-

ence channels from ST to user-k and from user-i to the user-
k, respectively. In CR systems, the PR must be protected
from harmful interference. In the considered framework,

the available time is divided into two equal slots. Hence,
we consider separate and independent interference thresholds
for both time slots.

The signal received by the user-i in the first time slot is given
as:

rs;i ¼ ð ffiffiffiffiffiffiffi
Ps;i

p
zs;i þ

ffiffiffiffiffiffiffi
Ps;j

p
zs;jÞhs;i þ ni; ð1Þ

where ni is the additive white Gaussian noise (AWGN) at the

user-i;Ps;i and Ps;j are the allocated power of ST for IoT user-i

and user-j, respectively. Furthermore, zs;i and zs;j are the unit

power symbols of IoT user-i and user-j. The data rate of IoT

user-i is calculated as:

Rs;i ¼ 1

2
log2 1þ Ps;ijhs;ij2

r2

 !
; ð2Þ

where r2 is the variance of AWGN. Similarly, in the first time
slot, the signal received by the IoT user-j is:

rs;j ¼ ð ffiffiffiffiffiffiffi
Ps;i

p
zs;i þ

ffiffiffiffiffiffiffi
Ps;j

p
zs;jÞhs;j þ nj; ð3Þ

where nj is the AWGN at the ST to IoT user-j link and Ps;j is

the power allocated by ST for IoT user-j. The signal received at
the user-j in second time slot is:

ri;j ¼
ffiffiffiffiffiffiffi
Pi;j

p
zs;jhi;j þ nij; ð4Þ

where nij and Pi;j represents the AWGN at user-i to user-j link

and power invested by the user-i for relaying, respectively. We
employ maximum ratio combining (MRC) to combine the sig-
nals received by the IoT user-j in both time slots. Thus, the

total rate of user-j is calculated as:

Rs;j ¼ min
1

2
log2 1þ cs;j þ ci;j

� �
;
1

2
log2ð1þ cs;i�>jÞ

� �
; ð5Þ

where cs;i�>j ¼ Ps;j jhs;i j2
Ps;i jhs;i j2þr2

; cs;j ¼ Ps;j jhs;j j2
Ps;i jhs;j j2þr2

, and ci;j ¼ Pi;j jhi;j j2
r2 . Here

cs;i�>j; cs;j and ci;j denote the signal to interference plus noise

ratio at the links between ST to IoT user-i, ST to IoT user-j
1 Note that, the proposed solution can be easily extended to a large

network containing multiple users. For example, in the case of a

heterogeneous network, the intra-cell communication can employ

NOMA transmission as considered in this paper and for the inter-cell

transmission OMA can be used.
and user-i to user-j, respectively. As jhs;ij2 > jhs;jj2, thus it can
be concluded that cs;i�>j > cs;j. If Pi;j is allocated such that

cs;i�>j < cs;j þ ci;j it would result in wastage of power. So, to

avoid loss we should allocate power such that the following
condition holds:

cs;i�>j P cs;j þ ci;j: ð6Þ
After this the value of Rs;j is given by:

Rs;j ¼ log2 1þ cs;j þ ci;j
� �

: ð7Þ
Our target is to distribute transmit power among NOMA CR

users such that higher spectral efficiency and fairness among
the communicating nodes is achieved while both SIC and inter-
ference temperature constraints are ensured. The objective

consists of two parts, the goal to maximize the rate is written
as maxðRs;i þ Rs;jÞ. To achieve fairness, it is required that the

difference in Rs;i and Rs;j is minimum. These two can be com-

bined into a single objective as maxðRs;i þ Rs;jÞ � ðjRs;i � Rs;jjÞ.
Then problem of achieving fairness in the rates of the users can

be written mathematically as:

P1 :

maxðRs;i þ Rs;jÞ � ðjRs;i � Rs;jjÞ
ð8:1Þ

s:t:

Ps;i þ Ps;j 6 PT;
ð8:2Þ

Pi;j 6 Pr; ð8:3Þ
w 6 Ps;j � Ps;i; ð8:4Þ
jfs;kj2ðPs;i þ Ps;jÞ 6 Ith; ð8:5Þ
Pi;jjfi;kj2 6 Ith; ð8:6Þ
cs;i�>j P cs;j þ ci;j: ð8:7Þ

The objective is given in (8.1), the constraint in (8.2) ensures

that the transmit power of the ST is within the power budget.
Similarly, (8.3) guarantees that the power used for relaying
does not exceed the battery capacity where Pr denotes the bat-

tery capacity of the user-i. For successful SIC at the user-i, a
minimum gap is required in the received powers, this is
achieved by (8.4). The value of w is given as w ¼ s

jhs;i j2, where

s represents the minimum gap requirement in the received
powers. Constraints (8.5) and (8.6) protect the PR from high

interference in first and second time slot, respectively. The Ith
denotes the values of tolerable interference threshold.
3. Proposed scheme

We aim to achieve fairness in the rates of the secondary users.
The bisection method is a well known iterative root finding
method that provides fast convergence [1–18,20–26,28–43].

Bisection method can be used to find the optimal value of a
one dimensional differentiable function having single extre-
mum in the given interval. In this work we employ bisection

method to benefit form the fast convergence of this technique
in optimization problems [43]. Fairness dictates that the rates
of both users should be as close as possible, ideally, should

have the same value. We can achieve this target through bisec-
tion method [44]. The steps of the proposed technique are
shown in Algorithm 1.



Fig. 1 Considered System Model.
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Algorithm 1. Bisection method

1. InitializeHL ¼ 0;HUas given in (9), hs;i, hs;j, hi;j, fs;k, fi;k, r, PT,

Pr, Ith, and E

2. whileðHU �HL > EÞdo
3. Set H ¼ HLþHU

2

4. Solve P2 for P�
s;i;P

�
s;j;P

�
i;jandF S, by (11) and Algorithm 2

5. if F S==1 (i.e feasible solution of P2 exists)

SetHL ¼ H;Ps;i ¼ P�
s;i;Ps;j ¼ P�

s;j;Pi;j ¼ P�
i;j

else

Set HU ¼ H
end while

6. Return Ps;i;Ps;j;Pi;j

The bisection method works by adjusting the values of the

lower bound (HL) and the upper bound (HU) so that they con-
verge to the optimal value (H). First, HL is set to zero because
the sum rate of the system can have a minimum value of zero.

The upper bound is set to the maximum achievable rate. This
is obtained when all the available power is used for the trans-
mission of either the user-i or the user-j, i.e:

HU ¼ max log2 1þ PT jhs;i j2
r2

� �
; 1
2
log2 1þð

n
:
PT jhs;j j2

r2 þ Prjhi;j j2
r2

�o
; ð9Þ
Note that in (9), the first term shows the achievable rate of
user-i and the second term is the rate of the IoT user-j. In this
case, the rate of IoT user-j does not suffer from interference
because the ST allocates all the power for the transmission

of the user-j. Similarly, in the first term we do not have 1
2

because all the available power and time is being allocated
for the transmission of user-i. So, the first term in (9) denotes

the rate of user-i when all the available power and time is allo-
cated for user-i, and the second term is the rate of user-j when
all the power is allocated for the transmission of user-j. The H
is calculated by averaging HL and HU. Then, the problem (de-
noted as P2) is solved to get the values of Ps;i;Ps;j;Pri;jandF S.

F S is a binary variable that is obtained from the Algorithm 2.
If F S=1, it means that the problem has a feasible solution
otherwise the problem does not have a feasible solution. If

P2 has a feasible solution then all the powers are updated
and HL is set equal to H (i.e the value of fair rate increases).
Otherwise, if feasible solution does not exist the upper bound
(HU) is set equal to H that decreases the value of fair rate. This

process is repeated until the difference between the upper and
lower bound decreases below a certain tolerable error value E.

For a given value of fair rate (H), we are required to find

Ps;i;Ps;jandPi;j such that Rs;i P H;Rs;j P H and (8.2)–(8.7)

are satisfied. This is a feasibility problem and is written as:

P2 : Find Ps;i;Ps;j;Pi;j; ð10Þ
s:t:Rs;i P H;Rs;j P H; ð8:2Þ; ð8:3Þ; ð8:4Þ; ð8:5Þ;

ð8:6Þ; ð8:7Þ:
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At optimality, Rs;i and Rs;j will be as close to H as possible

without violating any constraint. Thus, Rs;i P H holds with

equality and the value of Ps;i is given by:

P�
s;i ¼

ð22H � 1Þr2

jhs;ij2
: ð11Þ

In the case of Rs;j ¼ H, (8.4) might be violated. Hence, at opti-

mality we have Rs;j P H i.e.:

1

2
log2 1þ Ps;jjhs;jj2

Ps;ijhs;jj2 þ r2
þ Pi;jjhi;jj2

r2

 !
P H: ð12Þ

For the solution, we first solve (12) for equality, in the absence
of relaying. That is, we find Ps;j such that:

1

2
log2 1þ Ps;jjhs;jj2

P�
s;ijhs;jj2 þ r2

 !
¼ H: ð13Þ

For the given P�
s;i, the value of Ps;j is upper bounded as

Ps;j 6 PT � P�
s;i and Ps;j 6

Ith�P�
s;i jfs;kj2

jfs;kj2
. Similarly, Ps;j is lower

bounded as Ps;j P wþ P�
s;i. If the value of Ps;j violates

Ps;j P wþ P�
s;i for (13), then Ps;j is set equal to wþ P�

s;i. Simi-

larly if upper bound is violated, the value of Ps;j is adjusted

to satisfy all the constraints. This solution value is referred
to as P�

s;j. The adjustment of P�
s;j according to the bounds is

shown in steps (1) and (2) of Algorithm 2. Then if at P�
s;i and

P�
s;j, we have 1

2
log2 1þ P�

s;j jhs;j j2
P�
s;i jhs;j j2þr2

	 

6 H, we find Pi;j so that

(12) holds with equality. This solution value is represented as
P�

i;j and is given by:

P�
i;j ¼ ð22H � 1Þ � Ps;jjhs;jj2

Ps;ijhs;jj2 þ r2

 !
r2

jhi;jj2
 !þ

; ð14Þ

this is the step 3 of Algorithm 2. Then P2 is said to have a fea-

sible solution if at P�
s;i;P

�
s;j and P�

i;j, all the constraints of P2

hold. The steps are summarized in Algorithm 2.

Algorithm 2. Feasibility of solution

1. P
y
s;j ¼ max Ptemps;jðP�

s;iÞ;Ps;i þ w
n o

2. P�
s;j ¼ min P

y
s;j;

Ith�Ps;i jfs;k j2
jfs;k j2

;PT � Ps;i

� �

3. P�
i;j ¼ ð22H � 1Þ � Ps;j jhs;j j2

Ps;i jhs;j j2þr2

� �
r2

jhi;j j2
� �þ

4. ifðP�
i;j 6 PrÞ&&

Ps;j jhs;i j2
Ps;i jhs;i j2þr2

P Pi;j jhi;j j2
r2 þ Ps;j jhs;j j2

Ps;i jhs;j j2þr2

� �
&& P�

i;j 6 Ith
jfi;k j2

	 

&&ðP�

s;j P P�
s;i þ wÞ

Set F_S = 1

else

Set F_S = 0

end

In Algorithm 2, Ptemps;jðP�
s;iÞ is the power required by the

user-j to achieve the required rate H, without relaying and is
given by:
Ptemps;jðP�
s;iÞ ¼

ð22H � 1ÞðP�
s;ijhs;jj2 þ r2Þ

jhs;jj2
: ð15Þ

This gives us the solution for power allocation to achieve fair-
ness in a NOMA based cooperative underlay IoT network.

4. Simulation results

For the simulations, we consider Rayleigh fading channels and

the values of r2;Pr;wandE are taken as 0.01, 1 W, 0.2 W and

10�8, respectively. We employ Jain’s fairness index to evaluate
the the proposed scheme in terms of fairness [45]. The Jain’s

fairness index is given as:

FI ¼ ðRs;i þ Rs;jÞ2
2ðR2

s;i þ R2
s;jÞ

: ð16Þ

For Ith = 1W, the impact of PT on the fairness of the system is
presented in Fig. 2. Higher values of PT result in increased fair-
ness of the system. Fig. 3 shows that for PT < 0.52, Rs;i – Rs;j

and the value of FI in this interval is less than 1. It can be seen

from Fig. 4 that Pi;j ¼ 0, for PT < 0.52. If Ps;j is reduced to

increase the fairness this will result in violating (8.4). The

Fig. 4 shows that the power allocated by the ST to both the
IoT users increases with PT. However, the increase in PT from
0.2 to 0.5 results in increasing the rate of the user-i whereas the

rate of the user-j decreases. This is because, although the power
allocated for transmission of the user-j has increased, the inter-
ference faced by the user has also increased. The disadvantage

of high interference temperature overshadows the benefit of
increasing Ps;j and so reduction in Rs;j is observed. On the other

hand, increasing PT results in greater value of Rs;i because the

IoT user-i does not face any interference while decoding its sig-

nal due to SIC. For PT P0.52, the rate of the user-j in the first
time slot is less than Rs;i. Thus, at this point the IoT user-i

starts to allocated power for relaying the data to the user-j.
As a result, Rs;j becomes equal to Rs;i for PT P0.52. Note that,

the cooperation could not play a role in fairness for PT < 0.52
because in this interval Rs;j was greater than Rs;i. Thus, if any

power was allocated for relaying it would have resulted in fur-
ther decreasing the fairness. This is why for PT < 0.52 we have

Pi;j ¼ 0.

The effect of Ith on the fairness is shown in Fig. 5. The val-

ues of PT was taken to be 1 W. Generally, increasing Ith has a
positive impact on FI. The Fig. 5 shows that for Ith <0.22, the
value of FI < 1. The unfairness at the lower values of Ith is

because the Ith upper bounds the transmit power of the system.
Hence, at these values of Ith when power is allocated to satisfy
(8.4) it results in Rs;j > Rs;i. Increasing the threshold from 0.22

results in Rs;i ¼ Rs;j as shown in Fig. 6. Increasing Ith for Ith <

0.22 results in decreasing Rs;j because of the increase in inter-

ference temperature as discussed before. At Ith ¼ 0:22 the
direct transmission rate of the user-j is less compared to the
rate of the user-i. So, the user-i invests power for relaying the
data to the user-j. This results in enhanced fairness at

Ith ¼ 0:22. After this point, an increase in the values of Ith does
not affect the fairness of the system.

The impact of PT; Ith and Pr on the system’s achievable rate

is presented in Fig. 7 and Fig. 8. The Fig. 7 compares the effect
of PT on the sum rate for different values of Ith. It is clear that



Fig. 2 Impact of the power budget of the ST (PT) on the FI of the system.

Fig. 3 The effect of increasing PT on the rates of the users.

Fig. 4 Power budget of the ST (PT) VS the power allocated for the transmission of each user.
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for any value of Ith the sum rate increases with PT, initially.
However, after a point, an increase in PT has no effect on

the rate. This is because at this point the interference has
become equal to the Ith. Thus, if any additional power is allo-
cated for the transmission this would result in violating the

interference threshold. Larger values of Ith allows transmission
with more power. Hence, the system offers higher sum rate for
greater values of Ith. Fig. 8 presents the impact of PT on the

rate for different values of Pr. In this case, we have considered
Ith ¼ 2, for making the effect of Pr more prominent. At PT 61,
the rate for all cases is same. This is because at small values of
PT the decoding rate of user-j’s data at the user-i is small. If
more power is allocated for relaying it would result in violating
(8.7). Hence, at this point same relaying power is used in all

three cases. However, with an increase in PT the decoding rate
of theuser-j’s data also increases and so the systems with
greater values of Pr can invest more power for relaying. Thus,

at these points larger Pr results in greater value of sum rate.

5. Conclusion

In this paper, we considered the problem of achieving fairness
among the IoT users in a cooperative NOMA CR system. The



Fig. 5 Effect of increasing the interference threshold (Ith) on the fairness index (FI).

Fig. 6 Impact of interference threshold (Ith) on the rates of the users.

Fig. 7 Sum rate of the system VS the power budget of the ST (PT) with different Ith.

Fig. 8 Impact of power budget of the ST on the sum rate of the system for different values of the battery capacity of the user-iuser-i.
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constraints of interference threshold, power limit, relaying-
decoding rate and SIC gap requirement were taken into con-
sideration. We proposed a bisection method based solution

for power allocation. The simulations proved the efficiency
of the proposed scheme. It was made clear by the results that
perfect fairness is not achievable at small values of power bud-

get and interference threshold. However, the proposed tech-
nique provides promising results for small power budget and
the fairness of the system increases rapidly with an increase

in the available power and interference threshold. In the
future, we will focus on achieving fairness under imperfect
SIC considerations for a multiuser scenario.
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