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1 |  INTRODUCTION

The compounding growth of mobile wireless devices and 
ubiquitous computing has raised an indispensable need to 
develop robust transmission techniques that optimize spec-
trum utilization. To meet this requirement, researchers are 
exploring the domains of massive multiple-input, multi-
ple-output (massive MIMO), small cells, device-to-device 
communication, cooperative relaying, spectrum sharing, and 
novel multiple access schemes. Under current standards, or-
thogonal multiple access (OMA) schemes such as frequency 
domain multiple access (FDMA), time division multiple ac-
cess, code division multiple access, and orthogonal FDMA 
(OFDMA) have been used in wireless cellular networks to 

serve multiple users. Although these multiple access schemes 
can improve system-level spectral efficiency, they are un-
able to achieve the capacity of the broadcast channel [1]. 
However, a non orthogonal multiple access (NOMA) scheme 
with superposition coding (SC) and successive interference 
cancellation (SIC) can achieve capacity in the Gaussian chan-
nel [2]. In [3], the optimal power, rate, and decoding order 
allocation for the superposition coding scheme are consid-
ered and shown that, at optimality, there is high probability 
that only two or three users are selected to be scheduled on 
one transmission channel. In spite of providing better sys-
tem-level performance offered by NOMA, practical issues, 
such as user power allocation, signaling overhead, and SIC 
error propagation in its implementation are found [4]. The 
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authors of [5] show that the downlink NOMA with SIC im-
proves cell edge user throughput performance and capacity. 
Furthermore, the NOMA/MIMO scheme using SIC and an 
interference rejection combining receiver is also proposed 
to meet the capacity gain requirement of future radio access. 
There are several NOMA techniques proposed in literature 
[6‒9], including power domain NOMA (PD-NOMA), sparse 
code multiple access (SCMA) [6], pattern division multiple 
access (PDMA) [7], low density spreading (LDS) [8], and 
lattice partition multiple access (LPMA) [9]. All these tech-
niques are based on the concept that more than one user is 
served in each orthogonal resource block. PD-NOMA has 
received greater research attention in this aspect because of 
its superior spectral efficiency realized by overloading with 
the ease of implementation [10]. PD-NOMA allows super-
position-coded multi-user data to be concurrently transmit-
ted by the same carrier. Here, users are differentiated in the 
power domain, and multi-user detection is accomplished by 
SIC. For high overloading factors, SIC requires increased 
hardware complexity and suffers from a processing delay at 
the receiver. Hence, it is best to multiplex not more than two 
users in a carrier [3,11]. Consequently, with single carrier 
NOMA (SC-NOMA), the overwhelming capacity demands 
of future generation networks cannot be met. However, these 
massive demands can be satisfied by a multi-carrier NOMA 
(MC-NOMA).

OFDM is a potential candidate for the realization of 
multi-carrier modulation in the 5G standard [12]. MC-NOMA 
realizes overloading with reduced complexity by integrating 
NOMA with existing multi-carrier frameworks like OFDMA 
[13]. This is accomplished by assigning each orthogonal sub-
carrier to two NOMA users. Optimal resource allocation and 
user pairing are crucial in order to fully reap the advantages 
of MC-NOMA. An OFDM-based NOMA system for the 
downlink, where signals corresponding to multiple users are 
transmitted on the same sub-band (time-frequency resource 
unit) using a superposition coding technique is presented in 
[1]. This work aims to maximize the weighted sum rate of the 
system by the optimal selection of the co-channel user set and 
power distribution among the users and sub-bands. Here, the 
availability of perfect channel state information at the base 
station is assumed. A similar resource allocation problem is 
studied in [14], which is a downlink OFDM-NOMA system. 
The resource allocation problem is treated as two sub-prob-
lems: subcarrier allocation (SA) and power allocation (PA). 
A novel OFDM-NOMA with a distinctive subcarrier spacing 
scheme is proposed to minimize the constraints associated 
with the multi-user detection operation [15]. Although this 
scheme ensures fairness among the users while improving 
the bit error rate performance, it is spectrally less efficient 
compared to the conventional equal subcarrier spacing of 
an OFDM-NOMA scheme. Downlink system-level per-
formance of an OFDM-based NOMA, where a dynamic 

multi-user power allocation scheme called fractional trans-
mit power control (FTPC), similar to the transmission power 
control used in the LTE uplink, is studied in [16]. The authors 
in [17] have proposed a one-hop, non-cooperative half duplex 
MC-NOMA network with optimal joint power and subcar-
rier allocation for maximizing weighted system throughput. 
They have employed a similar optimization for a full duplex 
MC-NOMA network in [18]. However, cooperative commu-
nication, whose benefits are evident from several works in 
the literature [19,20], has not been considered in these two 
approaches.

Coordinated direct and relay transmission (CDRT) is a 
communication strategy that could further augment the net-
work spectral efficiency by allowing multiple nodes to trans-
mit simultaneously in a coordinated manner [21]. The CDRT 
network consists of a direct user and a relayed user. The di-
rect user receives and decodes the relayed user data in the 
first hop of communication, that is, from source to relay. This 
knowledge is used to cancel out the interference in the second 
time slot when the direct user receives data from the source 
while the relay transmits to the relayed user. The CDRT used 
in [22] increases the achievable rate in a vehicular ad hoc net-
work (VANET). CDRT requires side information for inter-
ference cancellation, and this side information is inherently 
available with NOMA [23]. Many works that explore the 
significance of CDRT are reported in literature [24‒27]. It is 
proved in [24] that a NOMA-CDRT network achieves a bet-
ter ergodic capacity than a non-CDRT network. The perfor-
mance of an uplink two-user coordinated NOMA network is 
analyzed under perfect and imperfect SIC conditions in [25]. 
From this work, it is further evident that coordination can 
boost spectral efficiency and the performance gain obtained 
by a coordinated transmission depends on relay position and 
transmit signal-to-noise ratio (SNR). A novel NOMA-based 
dynamic CDRT scheme is proposed in [26], where the user 
close to the base station acts as a relay to the cell edge user 
in the second phase if it can obtain the prior information of 
the cell edge user in advance. Otherwise, it switches to the 
receiving mode. The selection of best-near and best-far users 
is done to improve the outage performance in a two-user 
NOMA-based cooperative relaying system, wherein simul-
taneous wireless information and power transfer is employed 
at the near user to power their relaying operations [27]. The 
cooperative relaying technique mandates two-hop communi-
cation, however, in a two-hop cooperative multi-carrier sce-
nario, the optimal subcarrier pairing between the two hops is 
essential because a subcarrier that offers good channel gain in 
one hop may face deep fade in the next hop [28]. Therefore, 
to ensure good user throughput, subcarrier pairing is realized 
by using the Hungarian algorithm [29].

Cognitive radio (CR) is yet another key technology that 
addresses the spectrum scarcity problem by squeezing sec-
ondary users (SUs) into licensed bands [30]. A novel joint 
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spectrum sensing and access technique with interference 
cancellation for a CR network is proposed in [31]. Here, 
the cognitive user achieves greater throughput by a full du-
plex spectrum sensing technique, that is, one that simul-
taneously transmits its signal while sensing the spectrum. 
The resulting self-interference caused by the sensing pro-
cess is cancelled using prior knowledge of the transmitted 
signal. As NOMA is also a special case of the underlay CR, 
it is reasonable to combine NOMA with CR to maximize 
spectrum utilization. The application of NOMA in under-
lay cooperative spectrum sharing is explored in [32] and 
the authors conclude that with the appropriate choice of 
target data rates and power allocation coefficients of users, 
NOMA can outperform OMA in underlay CR networks. A 
single carrier CR-NOMA network is presented in [33], and 
optimum power allocation coefficients are derived with the 
objective of maximizing the secondary system throughput. 
The outage probability of a NOMA transmission for a two-
user underlay cognitive radio network (CRN) is studied in 
[34]. In all these works, the results apply only for a two-
user network, and the system model in [34] is extended 
for multiple secondary users in [35]. In [36], a coordi-
nated transmission scheme called analogue network cod-
ing (ANC) is used to increase the spectral efficiency in an 
underlay CR network consisting of a cognitive transmitter, 
a relay, and two cognitive receivers. It is shown that the use 
of coordinated transmission reduces the number of time 
slots required for communication from three to two. An 
overlay CR spectrum sharing scheme named CSS-NOMA-
CDRT is proposed in [37]. This scheme exploits NOMA in 
both phases of coordinated direct and relay transmission. 
Another overlay cognitive spectrum sharing protocol using 
NOMA is proposed in [38] with space-time block cod-
ing that outperforms the conventional superposition cod-
ing-based protocol in terms of ergodic capacity and outage 
performance. However, multi-carrier transmission is not 
used in these studies. Authors in [39] have attempted the 
optimization of sensing duration and power allocation co-
efficients for a two-user underlay cognitive OFDM-NOMA 
network. However, this analysis is restricted to only two 
users and CDRT has not been considered.

A resource allocation problem in the cooperative cogni-
tive relaying multi-carrier NOMA (MC-NOMA) system is 
presented in [40]. In this work, the secondary base station 
is used to exploit NOMA to serve multiple secondary users, 
and to simultaneously relay the information transmission to 
the primary network. A cooperative multi-user MC-NOMA 
network with CDRT is proposed in [41], and the through-
put maximization problem is solved by optimizing power 
allocation, subcarrier assignment, relay selection, and sub-
carrier pairing. The non-convex optimization problem is 
solved using the Lagrange dual method. However, the solu-
tion algorithm suggested to optimize the power allocation 

follows an exhaustive search approach and, thus, intensive 
computation. Further, CR-NOMA has not been considered 
in this work.

It is evident from the literature that research contribu-
tions to the integration of MC-NOMA in underlay cogni-
tive networks with cooperative relaying is very limited and 
therefore this has become the focus of this work. In this 
work, an underlay cognitive network consisting of second-
ary users is squeezed into the system to maximize spectral 
utilization. The secondary users may receive information 
from a secondary base station (SBS), which also acts as a 
primary relay. Optimum power allocation is done for the 
underlay secondary user in each subcarrier with an inter-
ference constraint imposed by the primary users (PUs). For 
cognitive radio NOMA, the proper selection of a primary 
user target rate is important. The resulting overall network 
throughput is compared with the baseline scheme [41] and 
it is shown that the proposed network achieves a higher 
throughput. The main contributions of this work are as 
follows:

• An opportunistic underlay cognitive multi-carrier NOMA 
network is proposed.

• Joint optimization for resource allocation to the primary 
and secondary network has been achieved while satisfying 
the target rate constraints of primary network.

• A low complexity dynamic network resource allocation 
algorithm is proposed to solve the combinatorial optimi-
zation of near, far, and secondary user pairing, relay selec-
tion, and subcarrier pairing for throughput maximization.

The organization of this paper is as follows. Section 2 pres-
ents the model of the proposed opportunistic underlay multi-car-
rier cognitive NOMA network. In Section 3, the optimization 
problem is formulated and solved for throughput maximization 
of the proposed network. Simulation results that validate the 
proposed network throughput performance are provided and 
conclusions are drawn in Sections 4 and 5, respectively.

2 |  NETWORK MODEL

The proposed downlink multi-carrier cooperative CR-
NOMA network is illustrated in Figure 1. The system con-
sists of a primary base station (PBS), multiple primary end 
users, and relays that can act as a secondary base station 
(SBS) for secondary users. The primary end users are cat-
egorized as near (direct) users (NU) or far (relayed) users 
(FU) based on their channel conditions with the PBS. The 
near users are located within the coverage area of the PBS 
and are capable of directly receiving messages from the 
PBS. In contrast, the far users are out of the coverage zone 
or have extremely weak links with the PBS; thus, they are 
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supported by relays located at the edge of near user zone. 
Information transfer from the PBS to primary users occurs 
in two time slots through relay in a coordinated direct mode 
and relay transmission mode. The relays are considered to 
follow the decode-and-forward scheme, where the infor-
mation data received in the first time slot is forwarded with 
the same modulation rate to the second time slot. Therefore, 
the lengths of both time slots are considered to be equal. 
Based on the predefined priority conditions of the network, 
one of the relays will get an opportunity to serve the sec-
ondary users connected to it, and it is designated as a sec-
ondary base station. The SBS forwards the data to far users 
and, in addition, transmits the data to the secondary users 
connected to it in underlay mode. Primary user transmis-
sions take place in both time slots whereas secondary users 
are opportunistically served only in the second time slot. 
OFDMA-based multi-carrier transmission is considered, 
and each orthogonal subcarrier is assumed to undergo flat 
fading over two time slots. A similar fading environment 
around PBS and relays has also been assumed. Likewise, it 
is assumed that perfect channel state information is avail-
able at the PBS as in [1,41] for users and relays.

It is assumed that the network consists of N near users, 
F far users, C cognitive users, L relays and K orthogo-
nal subcarriers. Let N={1, 2, … , N}, F={1, 2, … , F},  
C={1, 2, … , C}, L={1, 2, … , L}, and K={1, 2, … , K} de-
note the set of near users, far users, secondary (cognitive) 
users, relays, and subcarriers respectively. All the subcarriers 
in set K are utilized in both time slots. Each subcarrier in time 
slot 1 (direct transmission), k∈K, is paired with a subcarrier 
k� ∈K in time slot 2 (coordinated transmission). Let �∗ ∈L 
denote the relay that serves secondary users opportunistically 
and �∈L∖�∗ denote any relay other than �∗. Relaying data to 
FUs takes place in time slot 2 and one or more relays take part 
in relaying messages based on channel conditions. It should 
be noted that collectively all subcarriers are utilized by the 
participating relays and base station. The PBS fully utilizes 

the subcarriers to transmit the data to near users and relays in 
first time slot, and transmits data only to near users in second 
time slot. In the second time slot, the subcarriers are shared 
by relays for the relaying of FU’s data. In the same time slot, 
the unused subcarriers at relay �∗ (SBS) are used to serve 
underlay secondary users. However, the unused subcarriers 
in �∗ are simultaneously being used by PBS to serve other 
NU-FU pairs and another relay �∈L∖�∗.

In this present work, considering primary and secondary 
channel conditions, optimum power allocation has been car-
ried out for PBS, SBS, and relays while satisfying primary 
user target rate constraints on throughputs of NUs and FUs. 
During this process, the power allocation for subcarriers as-
signed to underlay SU transmission in SBS has also been de-
termined. The transmission mechanism and signal model are 
developed in the following subsections.

2.1 | Notation

The variables xi,j, yi,j, and zi,j denote a message transmitted in 
subcarrier i to NU j, FU j, and SU j, respectively. w(i)

j
 denotes the 

complex additive white Gaussian noise (AWGN) with  (0, �2) 
in time slot i at node j. hS

i,j
 is the channel coefficient from station 

S to j in subcarrier i, which is a function of distance and Rayleigh 
fading. gS

i,j
= (|hS

i,j
|2)∕�2 is the channel-to-noise ratio (CNR) 

from S to j in subcarrier i. pS
i,j

 represents the power allocated at 
station S to the signal intended for node j in subcarrier i.

2.2 | Time slot 1: Direct transmission

The subcarrier k in the first time slot is paired with k′ in 
the second time slot for the near-user n, far-user f pair and 
relay l of the primary system. In the first time slot, the PBS 
transmits a message intended for a NU and a FU using PD-
NOMA. This transmission is received by the NU n and the 
relay l selected for FU f, but not by FU f, because they are out 
of the coverage zone. The relays decode the corresponding 
FU’s messages to forward them in the second time slot. The 
superposition coded signal transmitted by the PBS in sub-
carrier k to NU n and FU f in the first time slot is given by √

p
BS,1

k,n
xk,n+

√
p

BS,1

k,f
yk,f , where xk,n and yk,f are the messages 

intended for NU n and FU f, respectively, in subcarrier k, and 
p

BS,1

k,n
 and pBS,1

k,f
 denote the corresponding transmit powers. In 

time slot 1, the received signals at NU n and relay l, respec-
tively, in subcarrier k are

(1)r
(1)

k,n
=

(√
p

BS,1

k,n
xk,n+

√
p

BS,1

k,f
yk,f

)
hBS

k,n
+w(1)

n
,

(2)r
(1)

k,l
=

(√
p

BS,1

k,n
xk,n+

√
p

BS,1

k,f
yk,f

)
hBS

k,l
+w

(1)

l
.

F I G U R E  1  Network model

BS Relay NU FU SU

Timeslot 1 (PU data)

Timeslot 2 (PU data)

Timeslot 2 (SU data)
k'

k'k'
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Because relays are located at the edge of the near-user 
zone, based on channel conditions the channel gains are or-
dered as |hBS

k,n
|2 > |hBS

k,l
|2.

The far user is allocated more power, and hence, the relay l 
directly decodes the data pertaining to FU f, considering the near 
user message as interference. In contrast, the NU n must perform 
SIC first to estimate and cancel out the message intended for FU 
f from r(1)

k,n
 before decoding its own message. The SNR at NU n 

and signal-to-interference-plus-noise ratio (SINR) at relay l in 
subcarrier k, for decoding xk,n and yk,f, respectively, are

The achievable rates at NU n and relay l, respectively, in 
subcarrier k, in the first time slot are given by

2.3 | Time slot 2: Coordinated transmission

In the coordinated transmission slot, a new message, x′

k
′
,n

, is 
transmitted to NU n by PBS using k′. The subcarrier k′ may 
be different from k. The signal transmitted by PBS to NU n 
in k′ is 

√
p

BS,2

k′,n
x′

k′,n
. Concurrently, yk,f is relayed to FU f by a 

selected relay l in subcarrier k′, and is denoted here as yk
′
,f .

The selected relayl could belong to any one of two possi-
ble categories:

• l=�
∗, SBS, which opportunistically serves SUs.

• l=�∈L��∗, relays other than SBS, which serve PUs only.

If k′ is allotted to relay l=�
∗, the signal transmitted to FU 

f in k′ is given by 
√

p�∗

k�,f
yk�,f . As k′ is paired to �∗, it is not 

used for transmitting SU’s messages. Received signals at NU 
n and FU f, respectively, in k′ are given by

In (7a), the second term is the interference from the 
FU transmission on the NU, which takes place in the same 

subcarrier. However, this term can be removed by the NU 
with the knowledge of yk

′
,f  obtained from the previous slot. 

Additionally, in (7b), the interference at the FU from PBS 
transmissions has been omitted because it is negligible due to 
its extremely weak link with PBS.

In contrast, if k′ is not allotted to SBS for the transmission 
of the primary user's message, it is used by SBS for trans-
mitting the message to secondary user c, (c∈C) in underlay 
mode. The signal transmitted in k′ by relays � and �∗, respec-
tively, are 

√
p�

k′,f
yk′,f  and 

√
p�∗

k�,c
zk�,c. Now, the received signal 

at NU n and FU f, respectively, in k′ will be

Similar to the case in (7a), the second term in (8a) can be 
removed at the NU because it has prior knowledge of it. The 
third term in (8a) is the interference from the underlay trans-
mission by �∗. Also, the interference from PBS transmissions 
is negligible at FU, and that from underlay transmissions is 
given by the second term of (8b). From (7) and (8), the SINR 
in time slot 2 at NU n and FU f, respectively, in k′ are given by

In the subcarriers allotted to l=�
∗, the interference to the 

SUs from PUs is zero and the SINR becomes SNR.
It is assumed that SUs are located randomly as a cluster 

around �∗ and it is possible that they lie within or out of PBS 
coverage. If the relay selected to forward far user data in sub-
carrier k′ is the SBS, that is, if l=�

∗, then no transmission 
to the secondary takes place in k′ (that is, zk�,c =0) because 
�
∗ has to serve the primary user in k'. In contrast, if the relay 

selected to forward far user information in k' is not �∗, that is, 
if l=�, then�∗ is free to transmit to a secondary user using k'. 
When l=�∈L∖�∗, the received signal at SU c in subcarrier 
k
′, if it lies within PBS coverage, is

(3)�
(1)

k,n
=p

BS,1

k,n
gBS

k,n
,

(4)�
(1)

k,l,f
=

p
BS,1

k,f
gBS

k,l

p
BS,1

k,n
gBS

k,l
+1

.

(5)R
(1)

k,n
=

1

2
log2 (1+�

(1)

k,n
),

(6)R
(1)

k,l,f
=

1

2
log2 (1+�

(1)

k,l,f
).

(7a)r
(2)

k�,n
=

√
p

BS,2

k�,n
x�

k�,n
hBS

k�,n
+
√

p�∗

k�,f
yk�,f h

�
∗

k�,n
+w(2)

n
,

(7b)r
(2)

k�,f
=
√

p�∗

k�,f
yk�,f h

�
∗

k�,f
+w

(2)

f
.

(8a)
r

(2)

k�,n
=

√
p

BS,2

k�,n
x�

k�,n
hBS

k�,n
+
√

p�

k�,f
yk�,f h

�

k�,n

+
√

p�∗

k�,c
zk�,ch�

∗

k�,n
+w(2)

n
,

(8b)r
(2)

k�,f
=
√

p�

k�,f
yk�,f h

�

k�,f
+
√

p�∗

k�,c
zk�,ch�

∗

k�,f
+w

(2)

f
.

(9)�
(2)

k�,n
=

⎧⎪⎨⎪⎩

p
BS,2

k�,n
gBS

k�,n
if l=�

∗,
p

BS,2

k� ,n
gBS

k� ,n

p�
∗

k� ,c
g�

∗

k� ,n
+1

if l≠�
∗,

(10)�
(2)

k�,f
=

⎧⎪⎨⎪⎩

p�
∗

k�,f
g�

∗

k�,f
if l=�

∗,
p�

k� ,f
g�

k� ,f

p�
∗

k� ,c
g�

∗

k� ,f
+1

if l≠�
∗.

(11)

r
(2)

k�,c
=
√

p�∗

k�,c
zk�,ch�

∗

k�,c
+

√
p

BS,2

k�,n
x�

k�,n
hBS

k�,c

+
√

p�

k�,f
yk�,f h

�

k�,c
+w(2)

c
.
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If SU c lies out of PBS coverage, it will not receive PBS 
transmissions and the second term of (11) will be zero. The 
SINR at SU c in k' is

The primary transmissions in k' are present as interference 
in the denominator of (12) when l≠�

∗.
Achievable rates at NU n, FU f and SU c in subcarrier k' at 

time slot 2 are, respectively,

At the end of the two time slots, the weighted achiev-
able sum rate of the system in subcarrier pair (k, k′) is 
given by

The weighted sum rate is considered to incorporate user 
fairness [42]. In (17), ωn, ωf, and ωc denote the weight fac-
tors of NU n, FU f and SU c respectively. Weight factors 
are provided to PUs (NUs and FUs) based on their distance 
from the PBS in such a way that the farthest user is given the 
maximum weight value. In this work, it is assumed that the 
location and distance of the end users are known by using 
mobile positioning techniques described in several works 
in the literature [43,44]. For the primary system, the weight 
factors are �a =da∕

�∑N+F

j=1
dj

�
, where a=1, 2, … , N+F.  

For the secondary system, the weight factors are assigned 
as �b =db∕

�∑C

j=1
db

�
, where b=1, 2, … , C. da and db are 

the distances of ath PU and bth SU from the PBS and SBS, 
respectively.

The first three terms of (16) relate to primary user 
throughput (Tp) and the last term relates to secondary user 
throughput (Ts).

It should be noted that, in the network, all relays col-
lectively utilize all subcarriers to serve FUs. At any given 
relay, only a subset of subcarriers is utilized, and no two 
relays are assigned to transmit with the same subcarrier 
to the FUs. The following notations are used in the next 

section. κi denotes a set of subcarriers assigned to relay i, 
(i=1, 2, … , L) to serve the FUs associated with it. Then, 
�1∪�2∪⋯ �L =K and �i∩�j =�,(i≠ j). In the proposed 
scheme, one of the relays, l=�

∗, is also designated as the 
SBS to opportunistically serve underlay SUs with its un-
used subcarriers {K−�

�∗}. R∗ denotes the target rate of the 
NUs and FUs in each subcarrier. In the following section, 
the optimization problem for network throughput maximi-
zation is formulated and solved.

3 |  NETWORK THROUGHPUT 
MAXIMIZATION

3.1 | Problem formulation

Considering the combinations of near and far primary users, 
relays, secondary users, and subcarrier pairs, the total achiev-
able network throughput is given by

where �k,k�

n,f ,l,c
∈{0,1} and �k,k�

n,f ,l,c
=1 if subcarrier k in the first slot 

is paired with k′ in the second slot and this pair is assigned to 
NU n, FU f, relay l and SU c. Otherwise, �k,k�

n,f ,l,c
=0.

The joint optimization problem of network throughput 
maximization is formulated as follows:

subject to

(12)�
(2)

k�,c
=

⎧
⎪⎨⎪⎩

0 if l=�
∗,

p�
∗

k� ,c
g�

∗

k� ,c

p
BS,2

k� ,n
gBS

k� ,n
+pl

k� ,f
gl

k� ,f
+1

if l≠�
∗.

(13)R
(2)

k�,n
=

1

2
log2

(
1+�

(2)

k�,n

)
,

(14)R
(2)

k�,f
=

1

2
log2

(
1+�

(2)

k�,f

)
,

(15)R
(2)

k�,c
=

1

2
log2

(
1+�

(2)

k�,c

)
.

(16)
R

k,k�

n,f ,l,c
=�nR

(1)

k,n
+�nR

(2)

k�,n

+�f min (R
(1)
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,R

(2)

k�,f
)+�cR

(2)

k�,c
.

(17)T =

K∑
k=1

K∑
k�=1

N∑
n=1

F∑
f=1

L∑
l=1

C∑
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�
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R
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n,f ,l,c
,

OP1 max
�
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,
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pl
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∀l, except l=�
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≤P�

∗

max
,

(C5)�
(1)

k,l,f
=�

(2)

k�,f
∀(k, k�, f , l),
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The constraints (C1) to (C4) ensure that the maximum 
transmit power is not exceeded at the PBS (PBS

max
) and re-

lays (Pl
max

, P�
∗

max
). Because the achievable rate of the FU is 

dominated by the SINR of the weakest link in the two hop 
communication, the transmit power level of the hop with 
high SINR is reduced so as to make the SINRs of both 
hops equal (as in [41]). This leads to the constraint (C5). 
The constraint (C6) guarantees that a given subcarrier pair 
is exclusively assigned to only one NU, FU, relay, and SU. 
(C7) and (C8) ensure one-to-one subcarrier pairing. The 
variable �k,k′

n,f ,l,c
 can take only binary values as given by (C9). 

(C10) and (C11) guarantee that the NU and FU target rate 
(R∗) are met in each subcarrier, despite interference from 
SU transmissions. It should be noted that a FU can receive 
different messages from more than one relay on different 
subcarriers.

3.2 | Solution to optimization problem

The solution to OP1 optimizes the following parameters: 
p

BS,1

k,n
, p

BS,1

k,f
, p

BS,2

k�,n
, pl

k�,f
, p�

∗

k�,c
, and �k,k′

n,f ,l,c
. In an underlay cogni-

tive radio scenario, priority is given to the PUs, which are 
oblivious to the presence of SUs. However, SUs are aware 
of the PU transmission levels and adjust their own trans-
mission power accordingly so that they do not create a con-
siderable amount of interference to the PUs. Therefore, by 
giving priority to PUs, the initial values of pBS,1

k,n
, p

BS,1

k,f
, p

BS,2

k′,n
, 

and pl
k′,f

 are calculated as a first step by setting p�
∗

k�,c
=0. 

Once the initial power levels of primary users are calcu-
lated, the SBS calculates the acceptable power levels for 
SUs (P�

∗

k�,c
). In the next step, to choose the optimum combi-

nations of (k, k′, n, f , l, c) that satisfy constraints (C6)–(C9) 

and also maximize throughput, combinatorial optimization 
is carried out. That is, the optimization of �k,k′

n,f ,l,c
. In the final 

step, the power levels are optimized by using the ellipsoi-
dal algorithm.

Because OP1 is non-convex, a dual optimization problem 
is formulated based on the Lagrange method [45]. The dual 
problem of OP1 is formulated as

subject to

The expression for g(�,�,�) and the optimum 
p

BS,1

k,n
, p

BS,1

k,f
, p

BS,2

k′,n
, and pl

k′,f
 can be found in (14), (17), and 

(18) of [41]. Giving priority to the primary users, powers of 
PU transmissions have been identified by solving OP2 as ex-
plained in [41]. Followed by the power allocations for PUs, 
the SBS calculates the secondary power allocation satisfying 
(C10) and (C11) as follows:

The power allocation for the secondary user c in the SBS 
p�

∗

k�,c
 is calculated by equating the achievable rate at the NU n 

and FU f in subcarrier k′ to their target rate R∗ that is, 
R

(2)

k�,n
=R

(2)

k�,f
=R∗.

By solving (18) and (19) for p�
∗

k�,c
, the following is obtained:

where �=22R∗

−1 is the target SINR of the primary users. 
Equation (20c) ensures that the power allocated to secondary 
users does not affect the target rates of NU and FU pertaining to 
the carrier k′. Then, the combinatorial optimization is applied to 
the calculation of �k,k′

n,f ,l,c
.

(C6)
L∑

l=1

N∑
n=1

F∑
f=1

C∑
c=1

�
k,k�

n,f ,l,c
≤1 ∀(k, k�),

(C7)
K∑

k=1

�
k,k�

n,f ,l,c
≤1 ∀(k�, n, f , l, c),

(C8)
K∑

k�=1

�
k,k�

n,f ,l,c
≤1 ∀(k, n, f , l, c),

(C9)�
k,k�

n,f ,l,c
∈{0,1} ∀(k, k�, n, f , l, c),

(C10)R
(2)

k�,n
≥R∗ ∀k� ∈{K−�

�∗}, n,

(C11)R
(2)

k�,f
≥R

∗ ∀k
� ∈{K−�

�∗}, n.

OP2 min
�,�,�

g(�,�, �),

�,�, �≥0.

(18)R
(2)

k�,n
=

1

2
log2

(
1+

p
BS,2

k�,n
gBS

k�,n

p�∗

k�,c
g�∗

k�,n
+1

)
=R∗,

(19)R
(2)

k�,f
=

1

2
log2

(
1+

p�

k�,f
g�

k�,f

p�∗

k�,c
g�∗

k�,f
+1

)
=R∗.

(20a)p�
∗

1,k�,c
=max

{
0,

(
p

BS,2

k�,n
gBS

k�,n

�
−1

)
1

g�∗

k�,n

}
,

(20b)p�
∗

2,k�,c
=max

{
0,

(
p�

k�,f
gBS

k�,f

�
−1

)
1

g�∗

k�,f

}
,

(20c)p�
∗

k�,c
=min

(
p�

∗

1,k�,c
,p�

∗

2,k�,c

)
,



   | 853MANIMEKALAI Et AL.

Following the exhaustive search-based optimization 
procedure used in [41], which requires K2NFLC com-
putations for optimizing �k,k′

n,f ,l,c
 and the power allocations 

p
BS,1

k,n
, p

BS,1

k,f
, p

BS,2

k′,n
, pl

k′,f
, and p�

∗

k�,c
. To reduce computational 

complexity, a dynamic network resource allocation algorithm 
has been proposed for the combinatorial optimization as sum-
marized in Algorithm 1.

3.2.1 | Computation complexity of 
proposed algorithm

The number of computations involved in the calculation of 
the power level of PBS and relays for each subcarrier in the 
proposed algorithm is calculated as follows. Step 2 of the al-
gorithm requires NFLC computations because power levels 
are calculated for only one subcarrier pair. Step 4 requires 
K2 computations because, for a given (n, f, l, c) combina-
tion, power levels are calculated for all possible subcarrier 
pairings. Because K optimum subcarrier pairs are obtained as 
the output of the Hungarian algorithm (step 5), and each sub-
carrier pair requires NFLC computations, a total of KNFLC 
computations are required in step 6.

Overall, the total number of computations required by the 
proposed dynamic apporach is equal to NFLC(1 + K) + K2. 
The exhaustive approach requires K2NFLC computations. A 
comparison of the number of computations required in both 
the approaches is presented in Table 1. It can be seen that for 
K = 72, N = 16, F = 24, L = 3, and C = 72, the exhaustive ap-
proach requires approximately 430 million computations. For 
the same numbers, the proposed dynamic method requires 
approximately only 6 million computations. Thus, the over-
all computational complexity is significantly reduced. As a 
result, the energy resources needed for computation can be 
conserved and computation time can also be reduced by ap-
proximately 70 times.

The calculated primary and secondary power levels and 
�

k,k′

n,f ,l,c
 are applied to the ellipsoid algorithm [46] to minimize 

g(�,�,�). In this proposed work, the subgradients to update 
the ellipsoid in the ith iteration are

Equation (21d) ensures that the constraint on the maxi-
mum transmit power used by the SBS has not been violated 
by the introduction of secondary users in the network.

4 |  RESULTS

The simulated throughput performance of the proposed 
system is presented in this section. In the simulated sce-
nario, near users are randomly located following a uniform 
distribution within a circular disc of radius 500  m, with 
the PBS located at the center. Far users are uniformly lo-
cated in the annular region between 500 m and 800 m from 
the PBS, and the three relays are uniformly placed at the 
inner disc boundary. There are several secondary users 
available in the coverage region of the relays. The SUs 
are connected to a relay with which they have good chan-
nel conditions. It may be noted that the SUs that are con-
nected to a relay designated as SBS alone will be served. 
The multi-carrier system, which is realized in the form of 
an OFDMA, allows each subcarrier to undergo zero mean, 
unit variance Rayleigh flat fading. Path loss is considered 
to be 128 + 37.6 log10(d), as in [47], where d is the distance 
between the transmit and receive nodes, in km. A shadow-
ing of 10 dB is considered, and the subcarrier spacing is 
assumed to be 15 kHz. Furthermore, the maximum transmit 
power at each relay is lower than the maximum PBS trans-
mit power (PBS

max
) by 13 dB. The throughput performances 

were studied by varying primary user target rate, maximum 
transmit powers of PBS, number of subcarriers, and num-
ber primary users. These simulation parameters have been 
summarized in Table 2.

For the different target rate requirements of a primary 
user, throughput performance of the proposed system has 
been studied along with a baseline system in [41], which 
consists of only primary users and no underlay cognitive 
users. The network is simulated with 16 near users, 24 far 
users, 72 secondary users, 3 relays, and 72 subcarriers. The 
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T A B L E  1  Number of computations in exhaustive search and 
proposed methods

N F L K C

Number of computations

Exhaustive search Proposed

2 2 3 4 4 768 256

4 4 3 12 12 82 944 7632

8 8 3 16 16 786 432 52 480

16 24 3 72 72 429 981 696 6 060 096
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throughputs offered by primary users (Tp), secondary users 
(Ts), and overall system T, have been obtained by varying pri-
mary user target rate from 0.5 bps/Hz to 5 bps/Hz [48,49] for 
PBS transmit powers of 36 dBm and 46 dBm, respectively, 
shown in Figure 2A and 2B, respectively.

It is observed from Figure 2A and 2B that the baseline 
system offers a uniform throughput of 5 bps/Hz and 12 bps/
Hz irrespective of primary user target rates for the PBS 

transmission powers of 36 dBm and 46 dBm, respectively. 
In the presence of SUs, the overall system throughput has 
been improved due to the opportunity provided for SUs. 
For low primary user target rates, the overall network 
throughput improvement is significant because the SUs get 
more opportunities to be served. The PUs get a reduction 
in throughput but with an ensured target rate. However, as 
the target rate increases, the opportunistic secondary trans-
mission becomes weaker because the secondary transmit 
power is reduced to minimize the interference to the pri-
mary users. Thus, for high PU target rates, SU through-
put approaches zero, and the overall system throughput 
approaches the baseline system throughput because the 
secondary network is not served at all. It is observed from 
Figure 2 that the throughput of the SUs approaches zero 
beyond the target rate of 3 bps/Hz and 4.5 bps/Hz for 36 
dBm and 46 dBm of PBS transmit powers, respectively. 
Furthermore, it can be observed that for a smaller reduction 

T A B L E  2  Simulation parameters

Max. PBS transmit power PBS

max
36 dBm−46 dBm

Max. relay transmit power Pl

max
P

BS

max
 − 13 dB

PU target rate per subcarrier 0.5 bps/Hz to 5 bps/Hz

Number of NUs (N) 16–32

Number of FUs (M) 24−40

Number of SUs (C) 10−100

Number of subcarriers (K) 36−104

Number of relays (L) 3

Subcarrier spacing 15 kHz

Path loss 128 + 37.6 log10(d)

Shadowing 10 dB

F I G U R E  2  Network throughput vs PU target rate for different transmit powers: (A) PBS

max
=36 dBm and (B) PBS

max
=46 dBm

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
PU target rate (bps/Hz)

0

2

4

6

8

10

12

14

16

18

20

Th
ro

ug
hp

ut
 (b

ps
/H

z)

Overall throughput (T = Tp + Ts) 

Tp without underlay CRN

Tp with underlay CRN 

Ts

PBSmax  = 36 dBm

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
PU target rate (bps/Hz)

0

2

4

6

8

10

12

14

16

18

20

Th
ro

ug
hp

ut
 (b

ps
/H

z)

Overall throughput (T = Tp + Ts)

Tp without underlay CRN

Tp with underlay CRN 

Ts

PBS
max  = 46 dBm

(A) (B)



   | 855MANIMEKALAI Et AL.

in the throughput of the primary network compared to 
baseline system, there is a greater improvement in over-
all system throughput. For example, despite a reduction of 
40% in primary throughput, at a PBS power of 36 dBm, the 
overall network throughput improves by 180\% at a target 
rate of 0.5 bps/Hz.

The system throughput as a function of PBS transmit 
power has been studied in Figure 3 for primary user target 
rates of {2.0, 2.5, 3.0, 3.5} bps/Hz. It is observed that the 
overall system throughput increases with an increase in trans-
mission power. Furthermore, it is observed that the minimum 
PBS transmit power at which the opportunistic secondary 
transmission can occur increases as the target rate increases. 
For an example, the SUs get an opportunity with significant 
throughput for a PBS transmission power of 36 dBm at a tar-
get rate of 2 bps/Hz, but the opportunity starts only above 42 
dBm at a target rate of 3.5 bps/Hz.

From the above results, it is evident that the primary target 
rate of 3 bps/Hz and transmission power of 46 dBm offers an 
insignificant loss in primary user throughput and significant 
improvement in overall system throughput. The study on the 
impact of number of subcarriers, and number of near, far, 
and secondary users in throughput performance have been 
carried out with these values.

Network throughput has been obtained in Figure 4A as a 
function of the number of subcarriers for the presence of 16 
NUs, 24 FUs, and 72 SUs. It is observed from the curves that 
the achievable primary and secondary system throughput 
improves as the number of subcarriers increases, thereby the 
overall system throughput also increases. The improvement 
in overall system throughput becomes more significant for a 
higher number of subcarriers. There is a smaller reduction in 
the primary user achievable rate compared to baseline system, 
and it is uniform.

FIGURE 3 Network throughput vs transmit power for different PU target rates: (A) 2 bps/Hz, (B) 2.5 bps/Hz, (C) 3 bps/Hz, and (D) 3.5 bps/Hz
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The network throughput for a different number of near, 
far, and secondary users have been obtained as shown in 
Figure 4B to 4D, respectively, by selecting 72 subcarriers 
and keeping all other parameters the same as used above. 
As the number of near/far/secondary users is increased, a 
reduction in system throughput is observed. This is due 
to the fact that the demand for a fair subcarrier pair in-
creases with an increased number of users. This also re-
duces the opportunity for secondary users and, hence, the 
throughput.

Comparing Figure 4B with 4C, the reduction in system 
throughput is higher as the number of far users increases. 
This is because the throughput function is maximized with a 
higher weight factor given to the far users. From Figure 4D, it 
is observed that the improvement in overall system throughput 
is very large for smaller number of secondary users because 

they acquire more opportunity. While the number of secondary 
users increases, the overall system throughput exponentially de-
creases and approaches the throughput of the baseline system. 
This is because the optimization has been done with a higher 
weight factor allocated for weak users and, hence, the rate of-
fered by secondary users becomes smaller as secondary users 
increases. It has been observed from the results discussed above 
that the presence of underlay CR secondary users will improve 
the overall throughput of a multi-carrier NOMA network.

5 |  CONCLUSION

A throughput maximization problem with joint resource al-
location in a multi-carrier NOMA network supporting under-
lay CR users is formulated and solved. The dynamic resource 

F I G U R E  4  Network throughput for different numbers of (A) subcarriers, (B) near users, (C) far users, and (D) secondary users, at PBS

max
=46 

dBm and PU target rate per subcarrier = 3 bps/Hz
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allocation algorithm for combinatorial optimization proposed 
in this work reduces the computational complexity by a fac-
tor approximately equal to K (number of subcarriers), as com-
pared to exhaustive search algorithms. For 72 subcarriers, it 
was found that the number of computations is reduced from 
approximately 430 million to 6 million, which is approxi-
mately a reduction by 70 times. By adding an underlay CRN to 
a multi-carrier NOMA network, the overall system throughput 
is significantly increased at the cost of a smaller reduction in 
achievable throughput of PUs without compromising primary 
target rate. The numerical results obtained from simulations 
confirmed the significance of the proposed algorithm.
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