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ABSTRACT Due to the increasingly complicated communication scenarios and network architectures as
well as growing traffic demands for high speed connectivity, dynamic spectrum allocation in fifth generation
(5G) networks becomes insufficient to guarantee the satisfaction of main network requirements in terms of
spectrum efficiency (SE), scalability, delay, and energy efficiency (EE). Enormous multiple access schemes
and cognitive radio (CR) network scenarios come to fulfill these requirements and enhance network func-
tionalities. With multiple access schemes, users are able to transmit their data streams simultaneously under
maximum capacity constraints. On the other hand, vacant spectrum holes are exploited in an opportunistic
manner via CR and software defined radio. In order to exploit these spectrum holes as well as meeting
different network requirements, several multiple access techniques have been presented that have been
initiated through the adoption of orthogonal multiple access (OMA) scheme. Additionally, non-orthogonal
multiple access (NOMA) and space division multiple access (SDMA) are presented to achieve a promising
multiplexing gain as well as to address the inefficient spectrum utilization incurred with OMA schemes.
However, suchmultiplexing gain is limited as it depend on the channel conditions. Accordingly, a generalized
multiple access scheme has been presented recently, namely rate splitting multiple access (RSMA), to further
enhance the SE. In this paper, we provide a comprehensive study regarding the key multiple access schemes
presented for CRNs to further enhance the use of spectral resources, and additionally highlights the key
implementation challenges and the enabling techniques addressed to overcome it. We have given a special
attention to the enhances provided by RSMA as compared with OMA, SDMA, and NOMA techniques.
Finally, some open issues are spotted to shed lights on the need for further studies and future research efforts.

INDEX TERMS Multiple access, SDMA, NOMA, RSMA, cognitive radio (CR), 5G.

I. INTRODUCTION
According to tremendous growth of the number of mobile
devices and the rapid increase of wide-band and hungry data
rate communication services, e.g. augmented reality (AR)
and virtual reality (VR) [1], 5G networks require 1000×
higher capacity, 10× higher spectral efficiency, and 100×
higher connectivity density in comparison with the fourth
generation (4G) [2]. Obtaining the optimal system capacity is
the most challenging among 5G requirements due to shortage
of spectrum resources. Of course, fixed spectrum allocation
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strategies can aggravate spectrum scarcity problem. As a
result, it was crucial to move towards advanced spectrum
management techniques, by which high spectral efficiency
can be accomplished while meeting the massive connectivity
requirement.

On a parallel theme, cognitive radio (CR) was introduced
as a promising access solution due to its satisfactory SE [3].
The concept of CR was first introduced by the end of twenti-
eth century [4], [5], where the secondary users (SUs) may be
given the right to access the spectrum bands of the primary/
licensed users (PUs) as long as the interference caused by
SUs is tolerable [6]. According to study in [7], practical
implementation of CR depends on opportunistic spectrum
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access, spectrum sharing, and sensing-based enhanced spec-
trum sharing. Without loss of generality, any multiple access
scheme implies the rule of allowing many users to share the
spectrum simultaneously [8] as the case with CR and hence
they seeks improving SE as well as the user connectivity
density.

From the first to fourth generations (1G to 4G) of mobile
communications, multiple access schemes have been the
Key technology that discriminates wireless systems’ capac-
ities. Orthogonal multiple access (OMA) schemes, such
as frequency division multiple access (FDMA), time divi-
sion multiple access (TDMA), and code division multiple
access (CDMA) were used in 1G, 2G and 3G, respectively.
Specifically, time, frequency and code domains are allocated
fairly among active users. With 4G, orthogonal frequency
division multiple access (OFDMA) has been developed for
multi-user (MU) access via assigning subset of carriers for
each user. The main principle of OMA techniques is sep-
arating user data steams to avoid inter-user interference
and hence, achieves multiplexing gain with reasonable com-
plexity. On the other hand, 5G SE is further challenging
due to the explosive data traffic growth, caused by Wide-
band internet of things (WB-IoT), massive connectivity of
ultra-dense Networks (UDNs), cyber physical systems, and
massivemachine type communications (mMTC). Orthogonal
allocation approaches suffer from in-efficient distribution of
available resources and inability to support massive connec-
tivity, which push towards new access schemes as well as
capacity boosting technologies such as non-orthogonal mul-
tiple access (NOMA), rate splitting multiple access (RSMA)
with massive Multi-Input Multi-Output (mMIMO), ultra-
dense networks and millimeter wave deployments [9]. In this
comprehensive survey, we provide a special focus on NOMA
and RSMA with some enabling technologies that are highly
expected to enhance system capacity, spectral/energy effi-
ciency and accommodate massive connectivity.

NOMA permits multiple users to simultaneously access
the same time-frequency resource through exploiting channel
gain difference which acquires allocating different power
levels and/or low-density spreading codes for NOMA multi-
plexed users [10]. The concept behind power domain NOMA
depends mainly on superposition coding of signals at the
transmitter and successive interference cancellation (SIC) at
the receiver [11]–[13]. While in code domain NOMA, user
multiplexing can be achieved via one of the following cat-
egories: low-density spreading CDMA (LDS-CDMA) [14],
[15], low-density spreading-based OFDM (LDS-OFDM)
[16], sparse code multiple access (SCMA) [17], pattern divi-
sion multiple access (PDMA) [18], and MU shared access
(MUSA). With coded NOMA, the transmission strategy is
to generate random Gaussian codes while detection follows
compressive sensing to minimize symbol errors.

RSMA is a general and effective multiple access tech-
nique which comprises both of space-division multiple
access (SDMA) and NOMA. Flexible architecture of RSMA
tolerates with two extremes of interference management:

FIGURE 1. Organization of the paper.

completely treat interference as noise (as in SDMA) and com-
pletely decode interference (as in NOMA). Hence, RSMA
effectively attains high throughput, variability of quality
of service (QoS) and massive connectivity requirements of
future multiple antenna wireless networks [19].

The remainder of this paper is organized as follows.
Section III presents 5G requirements and enabling tech-
niques, preliminaries of CRNs are provided, and implemen-
tation of multiple access schemes in CRNs. Channelization
based access schemes are discussed in Section IV while
NOMA transmission protocol is demonstrated in Section V.
In Section VI, we address enabling techniques for improving
NOMA-enabled CRNs, then, we introduce a case-study for
system model of CRN-based RSMA in Section VII. Finally,
the conclusion is presented in SectionVII-B. The structure of
the whole paper is depicted in Fig. 1. Table 1 shows acronyms
and abbreviations used in this article.

II. INTEGRATING MULTIPLE ACCESS TECHNIQUES
WITHIN CRNs
One of the most important issues to be discussed regarding
the dynamic spectrum allocation and sharing within CRNs is
the concept of medium access control or multiple access to
shared resources. The expression, multiple access schemes,
refers to the approach through which multiple users or sig-
nals, either PUs or SUs or a combination of them, are
combined to make the best user of the available spectral
resources. Accordingly, multiple access schemes are gen-
erally used to allow for many users to share the resource
simultaneously. In other words, multiple access schemes con-
trol the way through which the SUs can access the primary
or licensed resource. There exist several classical multiple
access approaches in the literature such as carrier sense
multiple access technique and slotted ALOHA technique.
However, none of these approaches suit the nature or concept
of CRNs. Specifically, none of these approaches considered
the concept of PUs in conventional communication networks
and they did not give any consideration to the interference
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TABLE 1. Comparison between OMA and NOMA.

that may suffered at the PUs due to the existence of SUs.
On the other hand, modern multiple access techniques, that
have already been used to allow spectrum sharing between
PUs or SUs or both, include frequency division multiple
access (FDMA), time division multiple access (TDMA),
space division multiple access (SDMA), orthogonal FDMA
(OFDMA), spreed spectrum multiple access (SSMA), and
non-orthogonal multiple access (NOMA). Accordingly, one
of the principal issues that should be given full consideration
when integrating multiple access techniques within CRNs is
to protect the PUs and preserve its security. The multiple
access techniques that could be integrated with CRNs should
support the following two characteristics:
• Avoiding the interference amongst SUs: Since different
SUs can coexist and share the resources, interference
can originate if they simultaneously decide to use the
same spectrum band, based on their spectrum sensing
results. Thus, the multiple access scheme should coor-
dinate the spectrum access for different SUs in order
to get rid of their mutual interference. In other words,
the primary user (PU) has the full right to share its
band with one system/user or more systems/users. For
instance, the frequency band of TV system can be shared
with one or more mobile operators, and it can be shared
with communication as well as radar systems. Accord-
ingly, in such cases the PU should be responsible about
regulating the use of its licensed spectrum, and modern
multiple access techniques can be employed to remove
or align the interference between different SUs as well
as the interference from SUs on PU. The main reason
behind the origination of the interference between SUs
is that each SU may only be aware of the existence of
PU and selfishly unaware of the existence of other SUs
sharing the spectrum.

• Interference Control and Avoidance at PUs: This is the
main requirement/condition when deciding to share the
spectrum between SUs and PUs. Accordingly, the mul-
tiple access scheme should take into consideration the
mode of sharing the spectrum, either spectrum overlay
or spectrum underlay.

The employment of either OMAorNOMAaccess schemes
depends mainly on the number of connections/users, SUs and
PUs, and the theme of sharing the spectrum between them.
OMA schemes can be employed to coordinate the shared
spectrum resource while it is being accessed with multiple
SUs while a controlled threshold level of interference is
allowed between PUs and SUs. This scheme can be employed
in cases where the number of SUs are comparable to the
number of orthogonal channels. On the other hand, when the
number of users is fairly greater than the number of orthog-
onal channels, two or more users can be allowed to access
the same channel simultaneously using NOMA. Recently,
CR and NOMA have been considered as vital solutions for
5G spectrum access. The Collaboration between NOMA and
CR have shown a potential for improving SE, increasing
system capacity, and scalability of 5G networks. The authors
in [21]–[23] have illustrated that NOMA-based CRNs can
achieve significant SE gains while allowing more users to be
served in comparison with OMA-based counterparts. In fact,
the integration of NOMAwith CRNs embrace different tech-
niques to effectively manage interference and improve energy
efficiency (EE), SE, and security [10], [24]. These techniques
are spectrum sensing, energy efficient massive MIMO, wire-
less charging mechanism, simultaneous wireless information
power transfer (SWIPT) along with wide-band communi-
cation techniques such as millimeter wave, and multiband
communication techniques. However, there are numerous
technical challenges due to the extreme interference caused

VOLUME 9, 2021 95571



S. Gamal et al.: Multiple Access in CR Networks: From Orthogonal and Non-Orthogonal to Rate-Splitting

FIGURE 2. 5G services.

by utilizing NOMA due to the fact of imperfect SIC, optimal
decoding order, complexity, and likelihood propagation error
as the number of users grows, and channel gain discrepancy
among contributing users. Due to these limitations, numerous
efforts have been made to further investigate the performance
of CRs with NOMA. Moreover, the rate performance of
RSMA has shown better performance compared with NOMA
which makes it promising candidate for 5G network that
employ CR.

III. 5G REQUIREMENTS AND ENABLING TECHNIQUES
A. 5G REQUIREMENTS
In conventional cellular networks, portable phones were
practically the only type of supported devices. With the
expansion of Internet and its various applications, the issue
of managing several classes of traffics are investigated to
meet relative QoS prerequisites for applications’ varieties
such as video streaming, data, VoIP calls, etc. Similarly,
growing of different interconnected devices and its appli-
cations pose radical QoS prerequisites to provide superior
experience to the user. Unlike previous cellular generations,
5G is envisioned to support very high density of inter-
connected human, machine and applications. In particular,
according to international telecommunication union (ITU),
a three types of services can be supported in 5G, which
are mobile broadband services (eMBB), massive machine
type communications(mMTC), and ultra-reliable and low
latency communications (URLLC) [2], as shown in Fig. 2.
This orchestration of devices and applications lead to more
sophisticated network scenarios that should not only support
high throughput but also provide end-to-end low latency
along with low energy consumption, and high scalability for
ubiquitous connectivity.

B. 5G ENABLING TECHNOLOGIES
5G network architecture is governed by a set of collabo-
rating technologies as demonstrated by Fig. 3. The radio
access will be enhanced with the deployment of wireless

FIGURE 3. 5G technology enablers.

software-defined networking (WSDN), network function vir-
tualization (NFV), ultra-densification, device-to-device com-
munications (D2D), millimeter wave (mmWave), massive
MIMO (mMIMO), new access techniques, Internet of Things
(IoT), green communications, big data, and mobile cloud
computing.

Ultra-densification challenge comes from the massive
growth of bandwidth demands that have been accelerated due
to the development of new smartphones, tablets, wearable
devices, and other new devices/ machines requiring connec-
tivity for data roaming and/or video streaming. Two major
solutions are adopted to accommodate densification, spatial
densification and spectral aggregation which create virtual
layers of cells and manage the shared spectrum resources
wisely. In spatial densification, users are associated to differ-
ent levels of cells (Macro,Micro, Femto, and Pico) to increase
network capacity. While in spectral aggregation, discontigu-
ous spectrum chunks/holes are merged together to expand the
current spectrum for current applications and users [25].

Minimizing energy consumption and moving towards
green communication choices are not only vital from eco-
nomic perspective, but from the environmental prospective
as well. The EE of cellular network can be improved by
adopting optimal network planning, several combinations
of network deployment strategies and harvesting renewable
energy sources, which may compensate the cases of high
energy consumption. For instance, CRNs have been consid-
ered as a reliable solution forminimizing energy consumption
through opportunistic spectrum holes utilization with low
power transmission or by harvesting energy from surround-
ings sources as in [26].

The aforementioned challenges and requirements moti-
vate us to reconsider new designs for radio access. Spectral
efficiency is a key factor of the radio access technique that
would enable Giga bit per second (Gbps) speeds. Several
5G applications and access schemes require different criteria.
For example, tactile Internet requires a very low delay in
the order of 1 ms, which also limit the latency boundaries
of the deployed radio access technique. Other applications
such as internet of things (IoT) has a different consideration,
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FIGURE 4. Spectrum holes and spectrum cognition.

wherein the devices are not connected to the BS all the time.
Moreover, the power constraints of IoT devices prevent full
synchronization with the BS. Hence, the adopted multiple
access technique in this scenario should be able to toler-
ate with loose synchronization. Likewise, interference also
necessitates deploying wise MU access approach. Particu-
larly, the candidate technique should have low out-of-band
(OOB) emissions, full integrity with multiple antennas and
power efficient.

In this article, we will focus on multiple access techniques
and its integration within CRNs in order to examine one or
more of 5G requirements based on desired application.

C. COGNITIVE RADIO PRELIMINARIES
The CR is redeployed for 5G communication for the purpose
of improving SE through permitting the unlicensed/ cognitive
users (CU) to exploit the underutilized sub-bands which are
actually allotted for the primary users (Pus) [5], [27]–[32].
CR was defined as a radio that adapt its transmission param-
eters according to variations in surrounding environment.
From this definition, two main characteristics of CR are
defined:
• Cognitive capability: Through real-time interaction
with the radio environment, portions of the spectrum
are not efficiently used at a particular time or locations
as demonstrated in Fig. 4. Cognition concept empow-
ers the usage of temporally unused spectrum, which is
indicated as ‘‘spectrum hole’’ or ‘‘white space’’. Con-
sequently, the best spectrum can be selected, shared
with other users, and exploited without interfering the
licensed user.

• Reconfigurability: CR can be programmed to trans-
mit and receive on various frequencies while using dis-
tinctive access technologies which are supported by its
hardware design [33]. Through this capability, the most
excellent spectrum band and the foremost suitable oper-
ating parameters can be chosen and reconfigured.

1) SPECTRUM MANAGEMENT FRAMEWORK
The main CRNs challenge is abstracted in its coexistence
with primary networks, which require considering both
interference issue as well as diverse QoS requirements.

FIGURE 5. Spectrum cognition cycle.

To address these challenges, versatile functionalities are acti-
vated for spectrum management which called ‘‘cognitive
cycle’’. Figure 5 shows spectrum handling through four prime
steps which constitute the cognitive cycle: spectrum sensing,
spectrum decision, spectrum sharing, and spectrum mobility.
• Spectrum sensing: is the prime function according to
which the cognitive users able to monitor the avail-
able spectrum bands, capture their information, and then
detect spectrum holes.

• Spectrum decision: Based on the spectrum availability,
CR users analyze all channels and assess the most suit-
able channel for access.

• Spectrum sharing: Since there may be multiple CR
users attempting to access the spectrum holes, CR coor-
dinated access procedure to avoid collision between
users’ data in overlapped spectrum portions.

• Spectrum mobility: CR users are regarded as spectrum
visitors. Hence if PU is willing to resume his services
during ongoing CU data transmission, then the CU com-
munication must be proceeded by moving it to another
vacant portion of the spectrum. This process is similar
or equivalent to the well-known spectrum hand-off.

2) MULTIPLE ACCESS CONCEPTS
The term multiple access schemes refer to the mechanism of
combining multiple users’ signals [8]. This combined signal
is transmitted through a common media as shown in Fig. 6.
It is additionally called multiplexing scheme. The multiple
access scheme is the foremost principal of the physical layer
perspective, where different crucial rules are considered for
capacity enhancement. Many literature have reported that the
multiple access schemes for CR systems have been overcome
the growing request of extra spectrum.

3) APPLYING MULTIPLE ACCESS SCHEME TO CRN
If we assumed that we have CRN with four primary users
assigned to licensed frequency band. MU access system
consists of three major components: transmitter, available
spectrum/medium, and receiver. Many PUs are transmitting
their data frames through frequency combiner or encoder.

VOLUME 9, 2021 95573



S. Gamal et al.: Multiple Access in CR Networks: From Orthogonal and Non-Orthogonal to Rate-Splitting

FIGURE 6. Multiple access concept.

FIGURE 7. Multiple access scheme for CR network.

The multiplexed signal is transmitted over the medium
through available spectrum. At the receiver side, the multi-
plexed signal is received through proper decoding. If we find
after spectrum sensing process that PU2 and PU4 are in idle
state. Meanwhile, arrival of any CU will be moved to vacant
frequency bands of PU2 and PU4 as shown in Fig. 7. Thus,
the unlicensed user can access spectrum holes opportunisti-
cally and share the same spectrum with licensed users under
constraints of power and resource allocation strategy.

IV. CHANNELIZATION BASED ACCESS SCHEMES
The channelization-based schemes refer to point-to-point
communication over wired or wireless channel. Each com-
munication session possesses a partitioned channel. Five
types of different access scheme based on channelization are
discussed in [8], [34]. These schemes have been outlined as
frequency division multiple access (FDMA) scheme, time
division multiple access (TDMA) scheme, spread spectrum
multiple access (SSMA) scheme, orthogonal frequency divi-
sion multiple access (OFDMA) scheme and non-orthogonal
multiple access (NOMA) scheme [35]. Hereafter, we briefly
demonstrate the difference between these schemes.

A. FDMA SCHEME
FDMA is generally utilized in analog systems [1]. Figure 8
depicts that each user has been permanently assigned a sep-
arate frequency band, while permits for single user or single
call over all time. Each user frequency band is subdivided into
two sub-bands, one for sending informationwhereas the other
employed for receiving information. These frequency bands
are separated by guard band to avoid inter-user interference.
This scheme was introduced in 1970s for the first generation

FIGURE 8. FDMA, TDMA, CDMA.

or analog communication systems. Advanced mobile phone
system (AMPS) is an illustration of FDMA deployment. The
main drawback of the scheme is that when the channel isn’t
in use, it cannot be assigned for another user, which lead to
wastage of the available resources. FDMAare usedwith CRN
as proposed in [36], [37], wherein non-allocated channels by
PUs are dynamically re-assigned to the SUs. By this way,
SUs and PUs are multiplexed to enhance SE through reducing
losses of frequency bands.

B. TDMA SCHEME
With TDMA, time resource is divided into time slots that
equally distributed among users while the whole bandwidth
remains allotted for specific user at his/her allocated time
slot as appeared in Fig. 8c [8]. In particular, we have relative
TDMA frames for each user spread over all frequencies. Each
frame includes three parts, namely preamble, information
message, and trail bits. Data is sent in the form of frames each
with seven time slots which comprises user data and guard
bits for minimizing inter-user interference. Consequently,
TDMA performance is seven times of FDMA due to better
spectrum utilization, where more than one user, with different
data types, can be captured at the same bandwidth. How-
ever in narrow band communications and same conditions of
transmitted power and radio environment, FDMAcan achieve
better coverage than TDMA.

In Europe 1990s, 2G and digital communication systems
became the dominant when global system for mobile commu-
nication (GSM) was deployed via TDMA. Moreover, TDMA
was also used in CRNs [38], where the authors have pro-
posed a novel TDMA-basedMAC protocol with dynamic slot
allocation approach. The channels are partitioned into time
slots, whereby CU send their control and data packets over
their assigned slot(s). The protocol guarantees that no slot
is left empty. This ensures full utilization of the available
spectrum. Furthermore, the protocol ensures a reasonable
sharing of available spectrum among the CUs, which reflects
compatibility of TDMA with CRN.
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C. SSMA SCHEME
SSMA is typically considered as multiple access scheme for
3G. It is implemented via special type of code known as
Pseudo-Noise (PN) sequence, which spreads user data over
all system bandwidth. There are two sorts of SSMA which
are called direct-sequence code division multiple access
(DS-CDMA) and frequency-hopping code division multiple
access (FH-CDMA) [8], [34].

In DS-CDMA, or generally CDMA [8]; see Fig. 8b,
all users share the same bandwidth via different assigned
codes for each user. Randomly generated code sequences
are orthogonal to each other which lead to orthogonal user
allocations as TDMA and FDMA. For FH-CDMA, carrier
frequencies of each user is changed via a pseudo-random
hopping algorithm resides at transmitter [8]. The digital
data of each user is broken into bursts with uniform sizes.
Then, these bursts are transmitted over different allocated fre-
quency bands. Without loss of generality, spreading user data
has remarkable features such as immunity against multipath
fading, high achievable data rates, and soft hand-off. Nev-
ertheless, CDMA suffers from self-jamming due to near-far
effect.

The spectral encoded (spread-time) CDMA (SE-CDMA)
technique, which is regarded as the dual of spread spectrum
CDMA, is considered for CRN as it was discussed in [39].
Once random code sequences are not fully utilized by PUs,
they are powerfully allocated to CUs which in turn increases
the SE. Consequently, user handles the system capacity
rapidly, compared with previous multiple access schemes.

D. OFDMA SCHEME
Following orthogonalization concept, OFDMA has been
selected for MU access scheme in 4G networks. OFDMA
is the progressed version of MU-FDMA, whereas the guard
band between adjacent sub-carriers are removed [8]. Par-
ticularly, Fig. 9 describes the orthogonality concept where
users are separated from each other via non-overlapping
carriers. With overlapped sub-carriers, the access approach
can accommodate much more users than previous exam-
ined schemes while saving more bandwidth. Additionally,
OFDMA and MU-MIMO are integrated to support versatile
networks. For data burst based applications, e.g., IoT net-
works, OFDMA is a good candidate. Likewise, MU-MIMO
and OFDMA are both used to support high bandwidth
demanding scenarios. Further, OFDMAoffers flexibility with
CRN without extra hardware complexity [40]. The allocation
of sub-carriers can be tailored according to the spectrum
availability. The ease integrity with OFDM enables interop-
erability and accelerate the adoption of CR in future wireless
systems. However, synchronization and mutual interference
are the most challenging issues of OFDMA-enabled CRNs.

V. NOMA SCHEME
NOMA has been elected for radio access in 5G wireless
networks [10], [35], [41]. Various researchers have demon-
strated that NOMA can be used effectively to meet both

FIGURE 9. Non-overlapping multi-carrier VS orthogonal (overlapping)
multi-carrier.

FIGURE 10. EE of NOMA VS OFDMA [42].

network-level and user-experienced data rate requirements
of 5G technologies. Furthermore, NOMA exposes higher SE
and EE than the orthogonal-based access techniques [42] as
shown in Fig. 10. Due to absence balancing relation between
orthogonal resources and number of users, NOMA is able to
support massive connectivity, whereas MUs are multiplexed
at same time-frequency resource.

In [10], authors have classified the existing domi-
nant NOMA schemes into two categories based on the
non-orthogonality resources, Namely, power domain NOMA
(PD-NOMA) and code domain NOMA (CD-NOMA).

A. NOMA CLASSIFICATIONS
1) PD-NOMA
With PD-NOMA, multiple users can be served in the same
time and/or same frequency band via allocating different
power levels per each user. NOMA depends on the principles
of superposition coding at the transmitter and successive
interference cancellation (SIC) at the receiver [11]–[13]. For
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FIGURE 11. NOMA downlink transmission.

downlink NOMA [42], the base station composes the users’
signals with probability of applying beamforming in case
of clustered cellular network to overcome inter-cluster inter-
ference. The allocated powers for end-user creates discrep-
ancy among NOMA users which must have different channel
gains.

At strong-channel receivers, SIC is employed to detect the
other users’ signal and subtract it in consecutive manner to
extract its own message. Figure 11 shows a base station (BS)
communicating with two user equipments (UEs). In this
network, it is assumed that the UE1 is the nearest one to
the BS, which means h1 > h2. Particularly, UE1 employs
SIC to detect UE2 first and then extract his own signal,
while UE2 treats UE1’ signal as noise. The optimal power
allocation for downlink NOMA depends on the constraint of
assigning much power for far user to compensate its channel
weakness, where each user in network receives the same
composite signal.

The transmitted signal by the BS can be written as:

X (t) =
2∑

k=1

∝kPTXk (t), (1)

where Xk (t) is the individual information of k th user,∝k is the
power allocation coefficient, and PT is the total power budget
at the BS. Then, the power allocated to each user is defined as
Pk = ∝kPT ,, which depends on distance between user and
BS. Since UE1 is the closest to the BS, lower power assigned
to him compared to UE2. The received signal at k th user is
denoted as:

Yk (t) = X (t) hk +Wk (t), (2)

where hk is the channel gain between the BS and the UEk ,
and Wk (t) is the additive white Gaussian noise at the UEk
with zero mean and variance N0(W/Hz).
The signal of weak-channel user is decoded easily due to
the sufficient power being allocated at BS. That is, the other
contributing signals are regarded as interference. Therefore,

the signal-to-noise ratio (SNR) for UE2 is expressed as:

SNR2 =
|h2|2 P2

|h2|2 P1 + NoW
, (3)

where W is the transmission bandwidth. The strong-channel
user, UE1, is assumed to exploit perfect SIC which result in
SNR given by:

SNR1 =
| h1 |2 P1
NoW

. (4)

In general, SNR and the corresponding throughput for k th

user are denoted respectively as:

SNRk =
|hk |2 Pk

k−1∑
i=1
|hk |2 Pi + NoW

, (5)

and

Rk = W log2

1+
|hk |2 Pk

k−1∑
i=1
|hk |2 Pi + NoW

 . (6)

On the other hand, with OFDMA, UEs are assigned with a
group of sub-carriers, such that the total bandwidth and power
are equally divided among theUEs. Hence, the throughput for
each UE in this case is expressed as:

Rk = Wk log2

(
1+
|hk |2 Pk
NoWk

)
, ∀Wk =

W
k

(7)

2) CD-NOMA
CD-NOMA performs multiplexing in code domain. Similar
to the concept of CDMA systems, The CD-NOMA shares
the entire available resources of time and/or frequency
via exploiting user-specific spreading sequences that are
either sparse sequences or non-orthogonal cross-correlated
sequences with low correlation coefficients. Coded NOMA
has been divided into a few different classes as shown
by Fig. 12, such as LDS-CDMA [14], [15], LDS-OFDM
[16], SCMA [17], PDMA [18], and MU shared access
(MUSA) [43].

LDS sequences has been used with CDMA to limit inter-
ference impact, where CDMA is primarily built upon the
idea that users are separated via differences among their
spreading codes. As a consequence, the chip rate of CDMA
has shown much higher than the supported information data
rate. In contrast, general coded NOMA scheme is able to
serve multiple users through the same code. LDS-OFDM can
be thought as an amalgamation of LDS-CDMA and OFDM,
where the information symbols are first spread across LDS
sequences and the resultant is then transmitted over set of
orthogonal sub-carriers.

SCMA is a recent code-domain NOMA technique that
depends on LDS-CDMA. In contrast to LDS-CDMA,
the information bits can be directlymapped to different sparse
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FIGURE 12. Categories of CD-NOMA.

code words where both schemes are combined. Compared
with LDS-CDMA, SCMA acts as low complexity reception
technique and offers improved performances.

PDMA can be realized in various domains. At the
transmitter side, PDMA first maximizes the diversity and
minimizes the overlaps among multiple users in order to
design non-orthogonal patterns. After that, multiplexing is
performed either in the code domain, spatial domain, or a
combination of them.

In MUSA, multiple users’ data are respectively spread
by a special spreading sequences, then each user’s spread
data are overlapped before being transmitted. In this scheme,
advanced SIC receiver is employed to demodulate and
recover the data of each user at the receiving end.

Although CD-NOMA has the potential code gain to
improve SE, PD-NOMA presents a simpler implementation
since there is almost no modifications through the physical
layer procedures at the transmitter size compared to current
4G technologies. Therefore, PD-NOMA is widely used with
CRNs. To summarize the NOMA benefits, Table 1 exhibits a
brief comparison between NOMA and OMA schemes.

B. NOMA-ENABLED CRNs
CR and NOMA are envisioned to be imperative solutions
for 5Gwireless networks. Employing NOMA techniques into
CRNs has huge potential to improve SE and increase system
capacity. However, there are many technical challenges due
to the severe interference caused by using NOMA.

The authors in [21]–[23] have illustrated that CRNs with
NOMA achieves a significant SE gains and admits larger
number of users compared to OMA-based CRNs. It was
shown that NOMA techniques are useful for achieving coop-
eration between CUs and PUs by designing appropriate coop-
eration mechanism for shared spectrum as in [44]–[46]. For
instance, work in [44] assumes that CUs act as relays which
transmit signals of both CUs and PUs depending NOMA
scheme. However, this setup requires suitable channel condi-
tion. Without loss of generality, NOMA has shown better EE
with CRNs than OMA-based CRNs [47]. Hereafter, we shall
introduce CRNs operational schemes and their challenges
with NOMA.

In CRNs, there are three operation paradigms, namely,
the interweave mode, the overlay mode, and the underlay
mode [7]. The underlay paradigm allows cognitive users
to operate if the interference caused to non-cognitive users

is below a given threshold. In overlay mode, the cog-
nitive radios employ sophisticated signal processing and
coding to maintain the communication of non-cognitive
radios while obtaining some additional bandwidth for their
own communication. For interweave systems, the cognitive
radios opportunistically exploit spectral holes to communi-
cate without disrupting other transmissions. The operation
paradigm of NOMA-enabled CRNs allows for spectrum shar-
ing mode between the primary network and the secondary
network. Mixing one of CRN operation modes with NOMA
depends on the implementation complexity, QoS require-
ments of PUs, and the interoperability between these two
networks.

Assume we have CRNs with PD-NOMA, where the sec-
ondary network includes multiple SUs with different power
levels. In the interweave mode, the frame structure consists
of a sensing slots and a data transmission slots [7]. During
the sensing slots, spectrum sensing is performed to detect
whether the frequency bands are occupied by the PUs or not,
while in the data transmission slot, the secondary network can
access the free frequency bands of PUs using NOMA. Practi-
cally, spectrum sensing is imperfect due to the channel effects
of shadowing and fading [3]. Therefore, false decision can
be evaluated and interference constraints are considered to
protect the QoS requirements of PUs. In the underlay mode,
the secondary network coexists with the primary network
under the condition that the interference caused by SUs is tol-
erable to PUs according to power allocation algorithm [48].
The authors considered power allocation for PUs according
to their QoS while limiting total power of Secondary network
wherein SUs are assigned with power levels relative to their
channel gains.

C. PD-NOMA DEPLOYMENT FOR CRNs
Conventional PD-NOMA allocates more power to the
user with poor channel conditions, which ensure user
fairness. However, it cannot ensure the users’ QoS targets.
NOMA-enabled CR is considered as an important alter-
native for conventional PD-NOMA since the power allo-
cation policy is designed such that the users’ predefined
QoS requirements are met. The study in [21] considered
CR–NOMA,wherein BS serves two downlink users. The user
with the poorer channel conditions is viewed as primary user
which is assigned with much power. Moreover, the authors
in [47], [49] extended the CR-NOMA systems to include
multi-antennas, where it is not necessary to always treat
the user with poor channel conditions as the primary user.
Authors introduce more general power allocation policies
for downlink and uplink NOMA scenarios which adaptively
meet all users’ QoS requirements.

The difference between the users’ channel conditions plays
vital role in NOMA design, such that users subjected to
NOMA strategy must have sufficient channel gain differ-
ences. For instance, MIMO-NOMA designs depend on the
fact that users have different path losses, or different channel
conditions. Authors of [50] found that if the admitted users
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have the same pathloss, the feasibility region of NOMA rate
optimization problem may become empty.

NOMA has shown a great potential to support diverse
QoS requirements. The QoS requirements of NOMA-enabled
heterogeneous networks might facilitate the power allocation
and user scheduling strategies. In particular, users in NOMA
systems are categorized according to their QoS require-
ments, instead of their channel conditions, which offers
the two following benefits. Firstly, the SIC decoding order,
power allocation, and user scheduling can be designed more
appropriately to meet the users’ requests. Secondly, NOMA
becomes applicable for scenarios in which users channel
conditions are the same.

VI. ENABLING TECHNIQUES FOR IMPROVING
NOMA-ENABLED CRNs
CRNs with NOMA use different techniques to effectively
manage interference and improve the EE, SE, and secu-
rity [10], [24]. In the following part, we explore the
main techniques that contributes in boosting NOMA-CRN
performance.

A. SPECTRUM SENSING TECHNIQUES
Spectrum sensing techniques are required in the NOMA-
enabled interweave CRNs to find the available frequency
bands. When NOMA techniques are not applied in the pri-
mary network, the traditional spectrum sensing algorithm,
e.g., energy detection, eigenvalue-based spectrum sensing,
etc., can be applied. Otherwise, NOMA will provide services
for multiple PUs. Although the traditional spectrum sensing
algorithm is also feasible for CRN operation, the performance
analysis based on independence sampling of the received sig-
nal is invalid. Accordingly, merging non-orthogonal scheme
with spectrum sensing algorithms will improve spectral uti-
lization of the future networks.

B. ENERGY-EFFICIENT TECHNIQUES
Energy-efficient techniques is divided to techniques that
balance system rate along with energy consumption and
these techniques which harvest energy from nature or the
surrounding electromagnetic radiation. Hereafter, we demon-
strate further enabling technologies which is regarded as
‘‘energy-efficient’’.

C. MASSIVE MIMO
Massive MIMO was applied in NOMA-CRNs where SE
was significantly improved through interference manage-
ment [22].WhenmassiveMIMO is applied in NOMA-CRNs,
the cognitive base station (CBS) is equipped with massive
array of antennas which not only can support multiple SUs
via NOMA, but also keep their transmitted powers as lower as
certian threshold. Therefore, the interference caused to PUs
is tolerable. Moreover, the EE can be further improved by
designing energy-efficient precoding matrices for different
SUs. However, many challenges should be considered such
as the prior knowledge of large amount of CSI which are

required to design the optimal precoding, that maximizes the
capacity of the secondary network [9]. Nevertheless, it is
difficult to obtain perfect CSI in practice, therefore these
problems should be investigated further to find innovative
techniques which help in expecting behavior of CSI such as
deep learning neural networks. Moreover, CBS can provide
energy supply for NOMA SUs in the downlink while receiv-
ing information from NOMA SUs in the uplink via simple
structures of the CBS and SUs [9].

D. SIMULTANEOUS WIRELESS INFORMATION AND
POWER TRANSFER (SWIPT)
The CBS can simultaneously transfer information and harvest
energy from/to NOMA SUs with both the uplink and down-
link communications. Since 5G system aims for improv-
ing SE and EE, many researchers illustrated that SWPIT is
expected to provide a reasonable solution to enhance EE.
It can be achieved by establishing cooperative communica-
tions protocol which combining SWIPT andNOMA,wherein
cell-center users act as energy-harvesting relays to assist
cell-edge users. Deploying SWIPT does not influence the
diversity orders of both adjacent and far-off users compared
to conventional NOMA.

Authors of [51] have designed a robust beamforming and
power splitting approach for NOMA-based CRNs where they
are jointly minimized the transmission power of CBS and
maximizing the total harvested energy of the SUs. Minimiza-
tion transmission power problem was solved under consid-
eration of bounded and the Gaussian CSI error models for
NOMA-MISO-CRN setups. Authors have also implemented
a nonlinear energy harvesting model and they showed that
NOMAachieves high performance gainwhen each user in the
network can achieve a rate higher than a specific threshold.

E. WIDE-BAND COMMUNICATION TECHNIQUES
Wide-band communication techniques are expected to signif-
icantly enhance the capacity of NOMA-based CRNs. There
are mainly two techniques namely, mmWave and multi-band
communications.

1) mmWave COMMUNICATIONS
It operates on frequency range lies between 30 and
300 GHz as shown in Fig. 13. It is envisioned that inte-
grating mmWave communications into NOMA-based CRNs
provides ultra-wideband services and allows for massive
connectivity of different devices that have diverse service
requirements [52].

2) MULTI-BAND COMMUNICATIONS
It provides the potential to efficiently manage the inter-
ference between the primary network and the secondary
network. It also introduces better channel maintenance by
reducing hand-off frequency, and improves the flexibility of
system design through allowing multiple access schemes.
Hybrid multiple access mechanism combines OFDMA with
NOMAwhich is designed to decrease the mutual interference
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FIGURE 13. Spectrum-sub 6G and mmWave.

between primary and secondary networks and improve the
capacity of SUs [24]. Specifically, SUs can be paired into
several clusters. Users in each cluster access their spectrum
using NOMA while inter-cluster interference is removed by
assigning orthogonal band for each cluster.

VII. RATE SPLITTING MULTIPLE ACCESS (RSMA)
A. THE CONCEPT BEHIND RSMA
RSMA is a general and effective multiple access technique
which has special forms of SDMA and NOMA. Particularly,
SDMA employs linear precoding scheme to distinguish users
in the spatial domain and fully depends on treating any resid-
ual multi-user interference as noise. Besides, NOMA oper-
ates on the principle of superposition coding at the transmitter
and SIC at the receiver. In this setup, users are superposed in
the power domain which relies on user grouping and ordering
to enforce some users with better channel conditions to fully
decode and cancel interference created by other users.

Conventional multiple access architectures are confined
into two extremes which are defined by completely treating
interference as noise (as in SDMA) or decoding interference
(as in NOMA). To handle this issue, RSMA uses linear
precoding rate-splitting with SIC to decode a part of the
interference while the remaining part is regarded as noise.
Hence, RSMA is considered as the bridge between SDMA
and NOMA with low computational complexity [19].

To illustrate the concept of RSMA, consider the downlink
transmission of a two-user MISO system with single BS
which is equipped with Nt transmit antennas for commu-
nication with two single-antenna users. The intended users’
signals are denoted by W1 and W2 such that each message
is partitioned into two parts which are recognized as com-
mon and private streams:

{
W 12

1 ,W
1
1

}
and

{
W 12

2 ,W
2
2

}
for

user1 and user2, respectively. Common streams
{
W 12

1 ,W
12
2

}
are combined and encoded together as S12 via a codebook
shared by both users. Later, S12 will be decoded by both
users. The private steams,

{
W 1

1 ,W
1
2

}
, are encoded separately

into S1 for user1 and S2 for user2, respectively. The over-
all data streams, s = [s12, s1, s2]T , are linearly precoded
via precoding vector P = [p12, p1, p2] with p12, p1, p2 ∈
CNt×1. Therefore, the transmitted signal is expressed as: x =
p12s12 + p1s1 + p2s2, with x ∈ CNt×1.
At user side, user1 for instance, the common stream is

decoded into Ŵ12 by considering private steam as a noise.
After that, Ŵ12 is post processed through SIC block to extract

FIGURE 14. MIMO system with two users exploiting RSMA.

private steam Ŵ 1
1 . Finally, user receiver combines decoded

steams Ŵ 1
1 and Ŵ 12

1 to reconstruct its original message as
shown in Fig. 14.

Driven by the rapid development of advanced multimedia
applications such as virtual reality [1], wireless networks
of next-generation [53] must support high SE and massive
Connectivity. By allocating different power levels, NOMA
can simultaneously serve multiple users at the same fre-
quency or time resource [10], [54]. Consequently, as we show
previously NOMA-based access scheme can achieve higher
SE than conventional OMA counterparts [55], [56]. With
NOMA, the users must decode all of the interference as they
receive the messages which significantly increases the com-
putational complexity of corresponding signal processing.
Therefore, RSMAwas proposed for better EE and SE through
adjusting the splitting ratio of user signal into common and
private portions. Accordingly, computational complexity and
the achievable data rate can be controlled.

Without loss of generality, implementing RSMA face sev-
eral challenges as mentioned in [57] such as the split of
common and private messages, resource management of the
effective private message transmission, and synchronization
of message transmission. Many papers studied these issues
[57]–[60], [63]–[65]. In [57], authors introduced the chal-
lenges and opportunities of MIMO-based RSMA networks.
The study in [58] proposes a distributed rate splitting method
to maximize the data rate of users, while it proves that RSMA
has more SE than SDMA and NOMA for wide range of users
deployments as in [59]. Moreover, the system model in [59]
considers diversity of channel directions, channel strengths,
and in the presence of perfect and imperfect CSI at the trans-
mitter side (CSIT). Linear precoded rate splitting method
for SWIPT was investigated in [60]. The performance of EE
of RSMA compared to that of NOMA was studied in [63]
while considering mmWave downlink transmission scenario.
In [64], the total rate of RSMA-based downlink MU-MISO
systems was maximized assuming imperfect CSIT.

Authors of [19] examined the EE performance of RSMA,
NOMA and SDMA, where their results proved that the EE
region achieved by RSMA is always equal or larger than
that achieved by SDMA and NOMA for wide range of
users with diversity of channel directions and channel gains.
Accordingly, RSMA ensures more SE and EE than previ-
ous mentioned multiple access schemes. In the next section,
we discuss RSMA implementation with CRN as a suite for
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FIGURE 15. MISO-enabled CRN.

5G applications access. Additionally, it has been illustrated
that NOMA is more suitable to single antenna settings, and it
is not beneficial in most multi-antenna deployments. More-
over, RSMA as a non-orthogonal transmission framework
fully exploits the multiplexing gain and the benefits of SIC
to boost the rate in multi-antenna scenarios [20].

B. CASE STUDY: RSMA-ENABLED CRN
Consider downlink transmission of CRN as shown in Fig. 15,
where one PU coexist with one SU and both are communi-
cating with the same BS simultaneously. For antenna setup,
we consider MISO system, where BS is equipped with Nt
transmitting antennas and each user has single antenna. The
mutual interfere between users’ links brings constraints on
the link performance and the QoS of both PU and SU.
Signal-to-interference-plus-noise ratio (SINR) is regarded as
a proper measure for PU and SU QoS. Since downlink is
considered for PU and SU, interference from SU towards PU
stems from the same location, the BS, So the channel gain
from SU to PU is h1. The channel gains from BS to PU and
SU are h1 and h2, respectively, where h1,2 ∈ CNt×1.

The transmitted signal x, is encoded by RSMA scheme into
independent streams: common and private signals, xp and xc,
where x is defined as x ∈ CNt×1. The total transmitted power
of the BS is limited by PT ,i.e., E

[
‖x‖2

]
≤ PT , the received

signal at each user is represented as:

yPU = hH1 x+ n1, (8)

ySU = hH2 x+ n2, (9)

where n1, n2 denote the AWGN with zero mean and variance
of σ 2 at the primary and secondary users, respectively.

Both PU and SU share the same codebook that is used
to encode the common signal of both PU and SU. Thus,
the common signals of the PU and SU are jointly encoded
to form a common independent data stream ec. On the other
hand, the private signals are encoded according to precoding

scheme such that PU encodes his private signal into stream
ePU meanwhile SU encodes his own private signal into
stream eSU using the beamformers PPU and PSU . Therefore,
the transmitted signal, x, of the RSMA can be expressed as
x = Pe = Pcec + PPUePU + PSUeSU .

In order to encode the common part of PU and SU,
the interference from the private signals is treated as noise.
Thus, the common stream, ec, refers to the part of the desired
signal of both PU and SU, and also refers to the intended user.
The SINR of the decoded common stream at the PU and SU
SINRc,PU and SINRc,SU can be calculated respectively as:

SINRc,PU (P) =

∣∣hH1 Pc∣∣2∣∣hH1 PPU ∣∣2 + ∣∣hH1 PSU ∣∣2 + σ 2
, (10)

SINRc,SU (P) =

∣∣hH2 Pc∣∣2∣∣hH2 PPU ∣∣2 + ∣∣hH2 PSU ∣∣2 + σ 2
, (11)

and the corresponding achievable rates of the common signals
can be evaluated by:

Rc,PU (P) = W log2
(
1+ SINRc,PU (P)

)
, (12)

Rc,SU (P) = W log2
(
1+ SINRc,SU (P)

)
. (13)

To ensure that the common signal is decoded by both PU
and SU, the achievable rate is generally expressed as:

Rc (P) = min
(
Rc,PU (P),Rc,SU (P)

)
(14)

This common achievable rate, Rc(P) is shared by both
PU and SU, as each user contributes with a portion of this
common signal. After decoding the common signal, each user
starts decoding the private data stream, ePU , eSU . Denote Ck
as the kth user’s portion of the common rate (k = 1 for PU
user and k2 for SU). We have:

CPU + CSU = Rc(P)

After decoding the common signal, each user starts
decoding its private data stream, ePU and eSU . Accord-
ingly, the SINR of decoded private signals, SINRp,PU and
SINRp,SU , of PU and SU can be denoted respectively as:

SINRp,PU (P) =

∣∣hH1 PPU ∣∣2∣∣hH1 PSU ∣∣2 + σ 2
, (15)

SINRp,SU (P) =

∣∣hH2 PSU ∣∣2∣∣hH2 PPU ∣∣2 + σ 2
, (16)

and the corresponding achievable rates are evaluated as:

Rp,PU (P) = W log2
(
1+ SINRp,PU (P)

)
, (17)

Rp,SU (P) = W log2
(
1+ SINRp,SU (P)

)
. (18)

Therefore, the total achievable rate of PU and SU, RPU and
RSU , can be expressed as:

RPU ,tot = CPU (P)+ Rp,PU (P) , (19)

RSU ,tot = CSU (P)+ Rp,SU (P) . (20)
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For a given pair of weights u = [u1, u2], put the high
weight to the PU. SO the weighted sum rate (WSR) achieved
by the two-user using the rate-splitting approach can be eval-
uated through the following optimization problem:

max
(P,C)

RRSMA(u) = u1R(PU ,tot) + u2R(SU ,tot)

s.t CPU + CSU ≤ Rc
tr(PPH ) ≤ PT
C ≥ 0

R(SU , tot) ≥ RthSU
P(SU , tot)hH1 ≤ Ith (21)

We assume that the total transmit power is constrained by
tr(PPH ) ≤ PT where C = [CPUCSU ] is the common-rate
vector required to be optimizedwith the beamforming vectors
in order to maximize the WSR. The CPU + CSU ≤ Rc con-
straint ensures that the common stream can be successfully
decoded at both users. The R(SU ,tot) ≥ RthSU constraint to
ensure the QoS of SU, the sum rate is greater than a spe-
cific threshold. If the maximum interference level tolerable
by the PU is denoted by Ith, the corresponding interference
constraint can be expressed as P(SU ,tot)hH1 ≤ Ith, where
P(SU ,tot) = [PCPSU ] power vector of SU.

The optimization problem in (21) can be considered as an
answer to the question of ‘‘How to model the integration of
the concepts of cognitive radio and RSMA?’’ mathematically.
This optimization problem is just a proof of concept; how-
ever, it could be modified according to the scenario and the
objective of the problem. We provided the problem without
solution to give the reader the opportunity to study the same
problem under different constraints and objectives. By doing
this, we are trying to generalize the concepts and the opti-
mizations to open new issues and directions. However, it is
not so difficult to provide a solution to the problem provided
in (21), which represents the standard form of the weighted
minimum mean square error optimization problem, where a
detailed study for such approach in similar problem is already
provided in [65]. Another possible solution to such optimiza-
tion problem can be divided to two steps. First, convert the
non-convex problem into bi-level programming where the
upper optimization problem that obtain the approximately
optimal k th user’s portion of the common rates is solved by
using particle swarm optimization. Second, solve the inner
optimization problem that obtain precoding vectors based on
a semi-definite relaxationmethod or a successive interference
cancellation method inspired by solution in [62].

VIII. OPEN ISSUES AND FUTURE RESEARCH DIRECTIONS
In this paper, we have studied different multiple access tech-
niques that have been introduced for improving the SE, EE,
and help in making massive connectivity a feasible strat-
egy while taking care of the encountered interference. Then,
a special interest is given to the deployment of RSMA in
CRNs. It has been demonstrated that RSMA is a powerful
multiple access scheme that can achieve higher data rates and

reliable communications in CRNs, compared to legacy OMA
and NOMA counterparts. However, several important issues
need to be givenmuch attention in terms of analysis and study
before the practical implementation of RSMA inCRNs. In the
following subsections, we will briefly mentioned the most
important issues that can be considered as an open issues for
future research in the area of integrating RSMA and CRNs.

A. JOINT OPTIMIZATION OF CRNs
AND RSMA PARAMETERS
CRNs have been proposed as a solution to spectrum scarcity
problem through sharing the spectral resources between
multiple systems/users. While sharing the spectrum, mutual
interference is generated between SUs and PUs. This mutual
interference is of course a function of the rate splitting param-
eters or the power allocation factors in the RSMA-based
system. Accordingly, there should be a joint optimization
problem for both the RSMA parameters such as rate split-
ting, power allocation, beamforming design, and the design
of common messages as well as the CRNs parameters that
are related to the spectrum sharing between SUs and PUs.
Moreover, in CRNs with dynamic environments where both
PUs and SUs are in continuous movement, joint optimiza-
tion of CRNs and RSMA parameters would achieve much
higher SE and EE, with respect to conventional OMA and
NOMA based CRNs. These optimization problems are typ-
ically NP-hard, non-convex, and non-linear which in turn
may leads to complex solutions. These solutions may rely on
different optimization approaches such as successive convex
approximation, mixed-integer non-linear problem solving
approaches, and alternating optimization. However, there are
some systematic mathematical relaxations for such kind of
problems, but it is still suffer some complexity issues.We pro-
pose leveraging some machine learning tools to provide solu-
tions with much less complexity. It is expected that artificial
intelligence, specifically machine learning tools, will main-
tain a smart trade-off between accuracy and complexity with
the availability of extra higher computational requirements.

B. SPECTRUM SENSING APPROACHES
FOR RSMA-AIDED CRNs
RSMA-aided CRNs deployed within the 5G and beyond
networks of course would need much intelligent spectrum
sensing algorithms. The new sensing algorithms should take
into account the new network architectures, new services
and scenarios, and the need to integrate different kinds of
wireless networks, i.e., such as communication and radar
sensing networks. In our opinion, the new sensing algo-
rithms can provide excellent solutions and greatly enhance
the network performance if machine learning approaches
are employed and inputted by information about the traf-
fic models, networks architectures, highly dynamic environ-
ments, PUs and SUs history of activities. The future spectrum
sensing approaches should take into account the possibility
of sharing a specific channel by more than one user based
on NOMA and RSMA approaches. most of the traditional
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spectrum sensing approaches are based on energy detection
test, which simply decide whether the power level is high
or lower than a specific threshold. Future spectrum sensing
schemes with NOMA and RSMA should enable multi-level
power threshold as well as user identification schemes in
order to scope with NOMA and RSMA-based CRNs.

C. PHYSICAL LAYER SECURITY ISSUES
IN RSMA-BASED CRNs
The concept of CRNs is mainly based on sharing PU
resources that maybe under-utilized with SUs such that keep-
ing its QoS. Another main condition for CRNs is keeping
security of both PUs and SUs data. The interest in physical
layer security grows increasingly in the last few years, espe-
cially with the lunching of 5G systems with its massive con-
nectivity scenarios. Accordingly, a growing interest appeared
focusing on the prevention of different kinds of attackers such
as man-in-the-middle and denial-of-service attacks. In our
opinion, the leveraging of blockchain technology to secure
the data of PUs and SUs would be an interesting point
of research in the near future and should be given much
attention.

D. PHYSICAL AND LOWER MEDIUM ACCESS CONTROL
LAYERS FOR RSMA-BASED CRNs
RSMA would have significant impact on different activi-
ties related to physical layer and lower medium access con-
trol layers of CRNs. Specifically, the deployment of RSMA
will directly impact the transmission modes, channel feed-
back mechanisms, user pairing, massive MIMO receiver
implementations, multi-carrier transmissions and waveform
shaping, SE and EE trade-off, interference mitigation, and
superposition coding. So, it is of great importance to consider
designing physical layer mechanisms that suits the charac-
teristics of RSMA-enabled CRNs. The impact of different
RSMA parameters on all physical layer mechanisms should
be fully explored and the dynamic range of operation for dif-
ferent receiver components should also be specified. Special
attention should be given to the issues of SE and EE which
are fundamental requirements of the 5G and beyond network
with special emphasis to be given to the CRNs.

IX. CONCLUSION
In this paper, we have focused on multiple access tech-
niques and its integration with CRNs to achieve one or
more 5G requirement according to the desired application.
First, we mentioned the requirements of achieving high
SE, high EE, and massive connectivity. These requirements
are accomplished by CR technologies which have spectrum
access flexibility to use unutilized frequency bands.We intro-
duce overview in the CR systems and its functionalities
through detailed survey about multiple access schemes fea-
tures. To this end, the challenges raised due to implementation
of different access schemes with CR are exposed. Moreover,
we have discussed the promising multiple access schemes for
CRNs such as NOMAand the enabling techniques to improve

its performances while considering their corresponding chal-
lenges. This leads us to the new RSMA scheme that over-
comes the limitations of NOMAand gives better performance
in terms of energy and SE. Finally, we have investigated a
case study for exploiting RSMA in CRNs, wherein the SINR
performance is discussed in details.

REFERENCES
[1] M. Chen, W. Saad, and C. Yin, ‘‘Virtual reality over wireless net-

works: Quality-of-service model and learning-based resource manage-
ment,’’ IEEE Trans. Commun., vol. 66, no. 11, pp. 5621–5635, Nov. 2018.

[2] Vision-Framework and Overall Objectives of the Future Development of
IMT for 2020 and Beyond, document ITU-R M.2083, 2015.

[3] Y.-C. Liang, K.-C. Chen, G. Ye Li, and P. Mahonen, ‘‘Cognitive radio net-
working and communications: An overview,’’ IEEE Trans. Veh. Technol.,
vol. 60, no. 7, pp. 3386–3407, Sep. 2011.

[4] J. Mitola, ‘‘Cognitive radio: Model-based competence for software
radios,’’ Licentiate dissertation, Institutionen für Teleinformatik, KTH,
Stockholm, Sweden, 1999.

[5] J. Mitola and G. Q. Maguire, ‘‘Cognitive radio: Making software radios
more personal,’’ IEEE Pers. Commun., vol. 6, no. 4, pp. 13–18, Aug. 1999.

[6] F. Zhou, N. C. Beaulieu, Z. Li, J. Si, and P. Qi, ‘‘Energy-efficient optimal
power allocation for fading cognitive radio channels: Ergodic capacity,
outage capacity, and minimum-rate capacity,’’ IEEE Trans. Wireless Com-
mun., vol. 15, no. 4, pp. 2741–2755, Apr. 2016.

[7] A. Goldsmith, S. A. Jafar, I. Maric, and S. Srinivasa, ‘‘Breaking spectrum
gridlock with cognitive radios: An information theoretic perspective,’’
Proc. IEEE, vol. 97, no. 5, pp. 894–914, May 2009.

[8] W. Stallings, Wireless Communications & Networks. Chennai, India:
Pearson, 2009.

[9] X. Chen, D. W. K. Ng, W. H. Gerstacker, and H.-H. Chen, ‘‘A survey on
multiple-antenna techniques for physical layer security,’’ IEEE Commun.
Surveys Tuts., vol. 19, no. 2, pp. 1027–1053, 2nd Quart., 2017.

[10] L. Dai, B. Wang, Y. Yuan, S. Han, I. Chih-Lin, and Z. Wang, ‘‘Non-
orthogonal multiple access for 5G: Solutions, challenges, opportuni-
ties, and future research trends,’’ IEEE Commun. Mag., vol. 53, no. 9,
pp. 74–81, Sep. 2015.

[11] Y. Saito, A. Benjebbour, Y. Kishiyama, and T. Nakamura, ‘‘System-
level performance evaluation of downlink non-orthogonal multiple access
(NOMA),’’ in Proc. IEEE 24th Annu. Int. Symp. Pers., Indoor, Mobile
Radio Commun. (PIMRC), Sep. 2013, pp. 611–615.

[12] S. Timotheou and I. Krikidis, ‘‘Fairness for non-orthogonal multiple access
in 5G systems,’’ IEEE Signal Process. Lett., vol. 22, no. 10, pp. 1647–1651,
Oct. 2015.

[13] J. Choi, ‘‘Power allocation formax-sum rate andmax-min rate proportional
fairness in NOMA,’’ IEEE Commun. Lett., vol. 20, no. 10, pp. 2055–2058,
Oct. 2016.

[14] R. Hoshyar, F. P. Wathan, and R. Tafazolli, ‘‘Novel low-density signature
for synchronous CDMA systems over AWGN channel,’’ IEEE Trans.
Signal Process., vol. 56, no. 4, pp. 1616–1626, Apr. 2008.

[15] R. Razavi, R. Hoshyar, M. A. Imran, and Y. Wang, ‘‘Information the-
oretic analysis of LDS scheme,’’ IEEE Commun. Lett., vol. 15, no. 8,
pp. 798–800, Aug. 2011.

[16] M. AL-Imari, M. A. Imran, and R. Tafazolli, ‘‘Low density spreading for
next generation multicarrier cellular systems,’’ in Proc. IEEE Int. Conf.
Future Commun. Netw., Apr. 2012, pp. 52–57.

[17] H. Nikopour, E. Yi, A. Bayesteh, K. Au, M. Hawryluck, H. Baligh, and
J. Ma, ‘‘SCMA for downlink multiple access of 5G wireless networks,’’ in
Proc. IEEE Global Commun. Conf., Dec. 2014, pp. 3940–3945.

[18] S. Chen, B. Ren, Q. Gao, S. Kang, S. Sun, and K. Niu, ‘‘Pattern divi-
sion multiple access—A novel nonorthogonal multiple access for fifth-
generation radio networks,’’ IEEE Trans. Veh. Technol., vol. 66, no. 4,
pp. 3185–3196, Apr. 2017.

[19] Y. Mao, B. Clerckx, and V. O. K. Li, ‘‘Energy efficiency of rate-splitting
multiple access, and performance benefits over SDMA and NOMA,’’
in Proc. 15th Int. Symp. Wireless Commun. Syst. (ISWCS), Aug. 2018,
pp. 1–5.

[20] B. Clerckx, Y. Mao, R. Schober, E. Jorswieck, D. J. Love, J. Yuan,
L. Hanzo, G. Y. Li, E. G. Larsson, and G. Caire, ‘‘Is NOMA efficient in
multi-antenna networks? A critical look at next generation multiple access
techniques,’’ IEEE Open J. Commun. Soc., vol. 2, pp. 1310–1343, 2021.

95582 VOLUME 9, 2021



S. Gamal et al.: Multiple Access in CR Networks: From Orthogonal and Non-Orthogonal to Rate-Splitting

[21] Z. Ding, P. Fan, and H. V. Poor, ‘‘Impact of user pairing on 5G non
orthogonal multiple-access downlink transmissions,’’ IEEE Trans. Veh.
Technol., vol. 65, no. 8, pp. 6010–6023, Aug. 2016.

[22] Z. Ding, R. Schober, and H. Vincent Poor, ‘‘A general MIMO framework
for NOMA downlink and uplink transmission based on signal alignment,’’
IEEE Trans. Wireless Commun., vol. 15, no. 6, pp. 4438–4454, Jun. 2016.

[23] Y. Liu, Z. Ding, M. Elkashlan, and J. Yuan, ‘‘Nonorthogonal multiple
access in large-scale underlay cognitive radio networks,’’ IEEE Trans. Veh.
Technol., vol. 65, no. 12, pp. 10152–10157, Dec. 2016.

[24] S. M. Riazul Islam, N. Avazov, O. A. Dobre, and K.-S. Kwak, ‘‘Power-
domain non-orthogonal multiple access (NOMA) in 5G systems: Poten-
tials and challenges,’’ IEEE Commun. Surveys Tuts., vol. 19, no. 2,
pp. 721–742, Sec. 2017.

[25] R.Menon, R.M. Buehrer, and J. H. Reed, ‘‘On the impact of dynamic spec-
trum sharing techniques on legacy radio systems,’’ IEEE Trans. Wireless
Commun., vol. 7, no. 11, pp. 4198–4207, Nov. 2008.

[26] S. A. R. Zaidi, A. Afzal, M. Hafeez, M. Ghogho, D. C. Mclernon, and
A. Swami, ‘‘Solar energy empowered 5G cognitive metro-cellular net-
works,’’ IEEE Commun. Mag., vol. 53, no. 7, pp. 70–77, Jul. 2015.

[27] I. F. Akyildiz, S. Nie, S.-C. Lin, and M. Chandrasekaran, ‘‘5G roadmap:
10 key enabling technologies,’’ Comput. Netw., vol. 106, pp. 17–48,
Sep. 2016.

[28] ‘‘Notice of proposed rule making and order,’’ FCC, Washington, DC,
USA, Tech. Rep. ET Docket no. 03-222, 2003. [Online]. Available:
https://docs.fcc.gov/public/attachments/FCC-03-222A1.pdf

[29] I. F. Akyildiz, W.-Y. Lee, M. C. Vuran, and S. Mohanty, ‘‘NeXt gen-
eration/dynamic spectrum access/cognitive radio wireless networks: A
survey,’’ Comput. Netw., vol. 50, no. 13, pp. 2127–2159, 2006.

[30] Q. Zhao and A. Swami, ‘‘A survey of dynamic spectrum access: Signal
processing and networking perspectives,’’ in Proc. IEEE Int. Conf. Acoust.,
Speech Signal Process. (ICASSP), Apr. 2007, pp. 1349–1352.

[31] I. F. Akyildiz, W.-Y. Lee, M. C. Vuran, and S. Mohanty, ‘‘A survey on
spectrummanagement in cognitive radio networks,’’ IEEECommun.Mag.,
vol. 46, no. 4, pp. 40–48, Apr. 2008.

[32] P. Thakur, G. Singh, and S. N. Satasia, ‘‘Spectrum sharing in cognitive
radio communication system using power constraints: A technical review,’’
Perspect. Sci., vol. 8, pp. 651–653, Sep. 2016.

[33] F. K. Jondral, ‘‘Software-defined radio—Basics and evolution to cog-
nitive radio,’’ EURASIP J. Wireless Commun. Netw., vol. 2005, no. 3,
pp. 275–283, 2005.

[34] D. Tse and P. Viswanath, Fundamentals of Wireless Communication.
Cambridge, U.K.: Cambridge Univ. Press, 2013.

[35] K. Lu, Z. Wu, and X. Shao, ‘‘A survey of non-orthogonal multiple access
for 5G,’’ in Proc. IEEE 86th Veh. Technol. Conf. (VTC-Fall), Sep. 2017,
pp. 1–5.

[36] P. Wu, R. Schober, and V. K. Bhargava, ‘‘Optimal power allocation for
wideband cognitive radio networks employing SC-FDMA,’’ IEEE Com-
mun. Lett., vol. 17, no. 4, pp. 669–672, Apr. 2013.

[37] A. Mirdamadi and M. Sabbaghian, ‘‘Spectrum sensing of interleaved SC-
FDMA signals in cognitive radio networks,’’ IEEE Trans. Veh. Technol.,
vol. 64, no. 4, pp. 1633–1637, Apr. 2015.

[38] S. Agarwal, R. K. Shakya, Y. N. Singh, and A. Roy, ‘‘DSAT-MAC:
Dynamic slot allocation based TDMA MAC protocol for cognitive radio
networks,’’ in Proc. 9th Int. Conf. Wireless Opt. Commun. Netw. (WOCN),
2012, pp. 1–6.

[39] S. Najafi and M. G. Shayesteh, ‘‘Spectrally encoded code-division mul-
tiple access for cognitive radio networks,’’ IET Commun., vol. 8, no. 2,
pp. 184–198, 2013.

[40] H. A. Mahmoud, T. Yucek, and H. Arslan, ‘‘OFDM for cognitive radio:
Merits and challenges,’’ IEEE Wireless Commun., vol. 16, no. 2, pp. 6–15,
Apr. 2009.

[41] Z. Ding, Y. Liu, J. Choi, Q. Sun, M. Elkashlan, I. Chih-Lin, and H. V. Poor,
‘‘Application of non-orthogonal multiple access in LTE and 5G networks,’’
IEEE Commun. Mag., vol. 55, no. 2, pp. 185–191, Feb. 2017.

[42] R. C. Kizilirmak and H. K. Bizaki, ‘‘Non-orthogonal multiple access
(NOMA) for 5G networks,’’ in Towards 5GWireless Networks: A Physical
Layer Perspective. London, U.K.: InTechOpen, Dec. 2016.

[43] Y. Tao, L. Liu, S. Liu, and Z. Zhang, ‘‘A survey: Several technologies of
non-orthogonal transmission for 5G,’’ China Commun., vol. 12, no. 10,
pp. 1–15, Oct. 2015.

[44] L. Lv, Q. Ni, Z. Ding, and J. Chen, ‘‘Application of non-orthogonal mul-
tiple access in cooperative spectrum-sharing networks over Nakagami-m
fading channels,’’ IEEETrans. Veh. Technol., vol. 66, no. 6, pp. 5506–5511,
Jun. 2016.

[45] L. Lv, J. Chen, Q. Ni, and Z. Ding, ‘‘Design of cooperative non-
orthogonal multicast cognitive multiple access for 5G systems: User
scheduling and performance analysis,’’ IEEE Trans. Commun., vol. 65,
no. 6, pp. 2641–2656, Jun. 2017.

[46] F. Kader and S. Y. Shin, ‘‘Cooperative spectrum sharing with space time
block coding and non-orthogonal multiple access,’’ in Proc. 8th Int. Conf.
Ubiquitous Future Netw. (ICUFN), 2016, pp. 490–494.

[47] Y. Zhang, Q. Yang, T.-X. Zheng, H.-M.Wang, Y. Ju, and Y.Meng, ‘‘Energy
efficiency optimization in cognitive radio inspired non-orthogonal multiple
access,’’ in Proc. IEEE 27th Annu. Int. Symp. Pers., Indoor, Mobile Radio
Commun. (PIMRC), Sep. 2016, pp. 1–6.

[48] S. Gamal, M. Rihan, A. Zaghloul, and A. Shaalan, ‘‘Two-tier power
allocation for non-orthogonal multiple access based cognitive radio net-
works,’’ in Proc. IEEE/ACS 15th Int. Conf. Comput. Syst. Appl. (AICCSA),
Nov. 2018, pp. 1–5.

[49] Z. Yang, Z. Ding, P. Fan, and N. Al-Dhahir, ‘‘A general power allocation
scheme to guarantee quality of service in downlink and uplink NOMA
systems,’’ IEEE Trans. Wireless Commun., vol. 15, no. 11, pp. 7244–7257,
Nov. 2016.

[50] M. F. Hanif, Z. Ding, T. Ratnarajah, and G. K. Karagiannidis,
‘‘A minorization-maximization method for optimizing sum rate in the
downlink of non-orthogonal multiple access systems,’’ IEEE Trans. Signal
Process., vol. 64, no. 1, pp. 76–88, Jan. 2015.

[51] H. Sun, F. Zhou, R. Q. Hu, and L. Hanzo, ‘‘Robust beamforming design in
a NOMA cognitive radio network relying on SWIPT,’’ IEEE J. Sel. Areas
Commun., vol. 37, no. 1, pp. 142–155, Jan. 2019.

[52] B. Wang, L. Dai, Z. Wang, N. Ge, and S. Zhou, ‘‘Spectrum and energy-
efficient beamspace MIMO-NOMA for millimeter-wave communications
using lens antenna array,’’ IEEE J. Sel. Areas Commun., vol. 35, no. 10,
pp. 2370–2382, Oct. 2017.

[53] W. Saad, M. Bennis, and M. Chen, ‘‘A vision of 6G wireless systems:
Applications, trends, technologies, and open research problems,’’ IEEE
Netw., vol. 34, no. 3, pp. 134–142, May/Jun. 2019.

[54] Y. Liu, Z. Qin, M. Elkashlan, Z. Ding, A. Nallanathan, and L. Hanzo,
‘‘Nonorthogonal multiple access for 5G and beyond,’’ Proc. IEEE,
vol. 105, no. 12, pp. 2347–2381, Dec. 2017.

[55] Z. Yang, W. Xu, C. Pan, Y. Pan, and M. Chen, ‘‘On the optimality of power
allocation for NOMA downlinks with individual QoS constraints,’’ IEEE
Commun. Lett., vol. 21, no. 7, pp. 1649–1652, Jul. 2017.

[56] K. Wang, Y. Liu, Z. Ding, and A. Nallanathan, ‘‘User association in non-
orthogonal multiple access networks,’’ in Proc. IEEE Int. Conf. Commun.
(ICC), May 2018, pp. 1–6.

[57] B. Clerckx, H. Joudeh, C. Hao, M. Dai, and B. Rassouli, ‘‘Rate splitting
for MIMO wireless networks: A promising PHY-layer strategy for LTE
evolution,’’ IEEE Commun. Mag., vol. 54, no. 5, pp. 98–105, May 2016.

[58] J. Cao and E. M. Yeh, ‘‘Asymptotically optimal multiple-access commu-
nication via distributed rate splitting,’’ IEEE Trans. Inf. Theory, vol. 53,
no. 1, pp. 304–319, Jan. 2007.

[59] Y.Mao, B. Clerckx, and V. O. Li, ‘‘Rate-splitting multiple access for down-
link communication systems: Bridging, generalizing, and outperforming
SDMA and NOMA,’’ EURASIP J. Wireless Commun. Netw., vol. 133,
no. 1, pp. 1–54, 2018.

[60] X. Su, L. Li, H. Yin, and P. Zhang, ‘‘Robust power- and rate-splitting-
based transceiver design in K -User MISO SWIPT interference channel
under imperfect CSIT,’’ IEEE Commun. Lett., vol. 23, no. 3, pp. 514–517,
Mar. 2019.

[61] H. Joudeh and B. Clerckx, ‘‘Sum-rate maximization for linearly precoded
downlink multiuser MISO systems with partial CSIT: A rate-splitting
approach,’’ IEEE Trans. Commun., vol. 64, no. 11, pp. 4847–4861,
Nov. 2016.

[62] M. R. Camana, P. V. Tuan, C. E. Garcia, and I. Koo, ‘‘Joint power
allocation and power splitting for MISO SWIPT RSMA systems with
energy-constrained users,’’ Wireless Netw., vol. 26, no. 3, pp. 2241–2254,
2020.

[63] A. Rahmati, Y. Yapici, N. Rupasinghe, I. Guvenc, H. Dai, and A. Bhuyan,
‘‘Energy efficiency of RSMA and NOMA in cellular-connected mmWave
UAV networks,’’ in Proc. IEEE Int. Conf. Commun. Workshops (ICC
Workshops), May 2019, pp. 1–6.

[64] H. Joudeh and B. Clerckx, ‘‘Robust transmission in downlink multiuser
MISO systems: A rate-splitting approach,’’ IEEE Trans. Signal Process.,
vol. 64, no. 23, pp. 6227–6242, Dec. 2016.

[65] C. Hao, Y. Wu, and B. Clerckx, ‘‘Rate analysis of two-receiver MISO
broadcast channel with finite rate feedback: A rate-splitting approach,’’
IEEE Trans. Commun., vol. 63, no. 9, pp. 3232–3246, Sep. 2015.

VOLUME 9, 2021 95583



S. Gamal et al.: Multiple Access in CR Networks: From Orthogonal and Non-Orthogonal to Rate-Splitting

SAFAA GAMAL received the B.S. degree in
electronics and communication engineering from
Zagazig University, Zagazig, Egypt, in 2014,
where she is currently pursuing the M.Sc. degree.
Her current research interests include wireless
communication systems, cognitive radio net-
works, NOMA, optimizations, and 5G mobile
communication.

MOHAMED RIHAN (Senior Member, IEEE)
received the B.Sc. degree (Hons.) in electronics
and communication engineering from Menoufia
University, Egypt, and the M.Sc. and Ph.D.
degrees in electronics and communication engi-
neering from the Egypt-Japan University of
Science and Technology, in 2012 and 2015,
respectively. From 2014 to 2015, he was a
Researcher with the Department of Advanced
Information Technology, Graduate School of

ISEE, Kyushu University, Japan. From 2016 to 2017, he was an Adjunct
Professor with the Center of Photonics and Smart Materials, Zewail City of
Science and Technology, Egypt. From February 2017 to April 2019, he was a
Postdoctoral Research Fellow with the College of Information Engineering,
Shenzhen University, China. He is currently an Associate Researcher with
the School of Mathematics and Statistics, Shenzhen University. He is also
serving as an Associate Professor for the Faculty of Electronic Engineer-
ing, Menoufia University. His research interests include massive MIMO
and mmWave communications, interference alignment, resource allocation,
cognitive heterogeneous networks, and applications of signal processing in
wireless communications.

SALEH HUSSIN received the B.S. degree in
electronics and communication engineering from
Zagazig University, Zagazig, Egypt, in 2002,
the M.Sc. degree in information engineering from
the Ilmenau University of Technology, Ilmenau,
Germany, in 2010, and the Ph.D. degree in
electrical engineering from Paderborn University,
Paderborn, Germany, in 2015. Since 2015, he has
been an Assistant Professor with the Electron-
ics and Communication Engineering Department,

Zagazig University. His current research interests include wireless and
optical communication systems, signal processing, cognitive radio net-
works, long term evolution advanced (LTE-A) networks, and 5G mobile
communication.

ADEL ZAGHLOUL was born in Sinblaween,
Dakhlih, Egypt, in 1960. He received the B.Sc.
Eng. degree in electronics and electrical com-
munication engineering from the College of
Engineering, El-Mansoura University, in 1983,
the M.Sc. Eng. degree in electronics and electri-
cal communication engineering from the College
of Engineering, El-Azhar University, in 1991,
and the Ph.D. degree electronics and electrical
communication engineering from the College of

Engineering, Menoufia University, in 1996. He is currently an Associate
Professor with the Department of Electronics and Communications, Zagazig
University, Egypt. His research interests include the optical waveguides,
electro-optic devices, optical fibers, and free space optics.

A. ABDELAZIZ SALEM received the M.Sc.
and Ph.D. degrees in electronics and electrical
communications engineering from the Faculty
of Electronic Engineering, Menoufia University,
Egypt, in 2015 and 2019, respectively. He is cur-
rently working as an Assistant professor with the
Department of Electronics and Electrical Com-
munications Engineering, Menoufia University.
His research interests include applying convex
optimization approaches on ultra-dense networks

application, vehicular communications and non-orthogonal multiple access,
and game theory applications in cognitive radio.

95584 VOLUME 9, 2021


