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ABSTRACT Future generations of wireless networks are expected to provide new services with an
unprecedented level of diverse and stringent requirements. Fog Radio Access Network (FRAN) and NonOrthogonal Multiple Access (NOMA) have emerged as complimentary enablers to meet such requirements.
On the one hand, FRAN architecture is designed to reduce the delay caused by the fronthaul link by pushing
control and storage to the network edge. On the other hand, in addition to increasing the spectral and energy
efficiency and the number of connected devices, NOMA has the potential to improve network latency. This
paper overviews the joint benefits of enabling NOMA schemes in an FRAN architecture, by means of
examining the applicability and adequateness of the NOMA-based FRAN features in achieving specific
objectives of next generation of mobile networks, mainly those related to enhanced mobile broadband
(eMBB), massive machine type communications (mMTC), and ultra-reliable low latency communication
(URLLC). The paper further depicts the challenges and future research directions that must be addressed in
order to meet such opportunities. a
a This work was funded in part by King Abdullah University of Science and Technology (KAUST) and by the Grant-in-Aid for
Scientific Research (Kakenhi) no. 17K06453 from the Ministry of Education, Science, Sports, and Culture of Japan and the NII MoU
grants, and in part by the Center of Excellence for NEOM Research at KAUST.
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I. INTRODUCTION

While the commercial deployment of the fifth generation of
wireless systems (5G) [1] is at its premises in a number of
countries, worldwide research efforts are already turned upon
defining Beyond 5G (B5G) systems [2]. Towards achieving
the diverse and stringent service requirements envisioned in
B5G systems, this overview paper focuses on the potential
benefits and technical challenges offered by the integration
of Non-Orthogonal Multiple Access (NOMA) technology
in the realm of the Fog Radio Access Network (FRAN)
architecture. In this introductory section, we first recall two
major cloud-based architectures, namely Cloud Radio Access Networks (CRAN) and FRAN, as well as the basics of

Orthogonal Multiple Access (OMA) and NOMA technologies. Then, we highlight the features and potential advantages
of the advanced NOMA-based FRAN architecture against
conventional wireless system architectures.
A. CURRENT TECHNOLOGIES AND THEIR LIMITATIONS
1) CRAN and FRAN

During the recent years, Cloud Radio Access Networks
(CRAN) had been promoted as a promising network architecture to face the upcoming mobile data traffic deluge. In
CRAN, the conventional Base Station (BS) functionalities
are separated into two components: the cloud center, and a
set of Remote Radio Heads (RRH). While the RRHs serve as
1
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the data plane that grants wireless coverage, the cloud center
is a centralized pool of Baseband Units (BBU), composed of
processors with cloud computing capabilities. Such powerful
pool of processors acts as the control plane that handles largescale signal processing, Radio Resource Allocation (RRA),
and Interference Management (IM) on a network-wide level.
In a fully centralized CRAN, each RRH is a low-cost entity
solely equipped with minimal functionalities such as Radio
Frequency (RF) and Analog/Digital (A/D) conversion. Each
RRH forwards to the cloud BBUs the baseband user signals
of their associated mobile users, through wired or wireless
fronthaul links. In theory, CRAN would be able to globally
optimize the RRA and IM problems, as it allows for joint
signal processing at the cloud level. However, the resulting
performance heavily depends on the availability and accuracy
of instantaneous Channel State Information (CSI) of all links
between each RRH and user, which would generate excessive
amounts of CSI feedback overhead. Furthermore, the CRAN
performance depends on the capacity-limited fronthaul links,
which often induces inevitable transport delays that are incompatible with the stringent requirements of the prospective
B5G systems applications [3].
To circumvent the above design challenges while still
benefiting from the powerful cloud processing capabilities,
FRANs have recently garnered strong research interests from
academia and industry [3]. The FRAN architecture is designed to overcome CRAN latency and signalling overhead
issues by partially moving network intelligence, i.e., cloud
computing and storage capabilities, closer to the network
edge – access points, mobile users and devices – as illustrated
in Fig. 1. Hence, in FRAN, the access points – herein called
Fog Access Points (FAP) instead of RRHs – can perform
distributed signal processing and RRA. The FAPs can also
cache the most popular files for their served users. For
instance, the benefit of cloud-edge processing in FRANs is
highlighted by illustrating the joint improvement of network
performance, e.g., throughput, latency, energy-efficiency and
user fairness [4], [5].
2) OMA and NOMA

In parallel to the active development on the network architecture level, advanced access schemes, such as NOMA, are
bound to revolutionize the way of sharing and managing
radio resources among multiple users [6]. Although NOMA
has not been included in the initial 5G New Radio standard [7], it is still gathering keen interests from the research
community given the plethora of NOMA-related open issues,
as shown later in this paper. Conventionally, each basic radio
resource unit in time-frequency-space-code is allocated to
a unique user using OMA, as in legacy multiple access
schemes such as Orthogonal Frequency Division Multiple
Access (OFDMA) in 4G-LTE or IEEE 802.11ay. However,
the theoretical suboptimality of OMA schemes, except under
specific circumstances, is well established in the literature.
For example, the capacity region of degraded broadcast channels is achieved by superimposing multiple user messages

within each basic radio resource unit through Superposition
Coding (SC) followed by Successive Interference Cancellation (SIC) [8]. Hence, by intelligently allocating multiple
user messages to the same basic radio resource unit through
SC, large performance gains are achieved compared to OMA
schemes in terms of spectral and energy efficiency, connectivity and latency [6].
A large number of methods have been designed so far for
implementing the theoretical concept of SC and SIC, such as
power-based NOMA and code-based NOMA, whereby each
user message sharing the same radio resource unit is differentiated through different power levels or different codewords.
Upon signal reception, each user performs SIC, namely, each
user sequentially decodes and subtracts other users’ signals
that are received with higher power than its own, before
decoding its own signal while treating the remaining users’
signals with lower power as noise [9]. A comprehensive
survey on the existing variations of NOMA techniques may
be found in [10].
One of the major advantages of the joint SC and SIC
operation is its rate-fairness enhancing capabilities. More
precisely, allocating low power to the “strong" users with
high channel qualities and high power to “weak" users with
low channel qualities, both types of users can still experience
substantial data-rate levels simultaneously, albeit utilizing the
same radio resource unit. In other words, SC allows to exploit
the high channel disparities among users, for enhancing the
weak users’ rates without incurring much degradation of
strong users’ rates. More generally, SC schemes, such as
NOMA, enable a flexible allocation of resources that can
be tailored to various design objectives that involve different
forms of fairness.
Despite the obvious advantages brought by NOMA, they
heavily rely on the receiver’s accurate knowledge of the
involved CSIs, as imperfect CSI may incur severe error
propagation during SIC decoding. This problem, however,
is largely mitigated by superimposing only a few messages
within each radio resource unit, which is why most NOMAbased schemes consider only two user messages, thereby
hitting a reasonable trade-off between NOMA performance
gain and receiver complexity [9]. NOMA’s performance level
is also contingent upon the decoding order of the superimposed user messages, as well as the network interference
management methods. In fact, it has been reported in various works that NOMA is particularly vulnerable to intercell interference [11], [12]. Therefore, the true impact of
integrating NOMA in future systems would strongly depend
on the capability of the global network to address such issues.
To this end, this paper examines the applicability and adequateness of NOMA-based FRAN features for realizing the
prevailing B5G use cases, mainly those related to enhanced
mobile broadband (eMBB), massive machine type communications (mMTC), and ultra-reliable low latency communication (URLLC).
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FIGURE 1. Integration of NOMA in FRAN for each 5G use case: eMBB, URLLC and mMTC. The arrows (1, 4, 5, 6) from each Fog Access Point represent users
served by NOMA, the arrows (2, 3) indicate NOMA for D2D and user cooperation respectively, while arrow 7 marks NOMA for wireless fronthaul transmissions; see
Section II for a detailed description.

B. THE POTENTIAL OF NOMA-BASED FRAN

Integrating NOMA technology in an FRAN architecture aims
at merging and leveraging their mutual benefits. Such an
approach has recently been adopted in terms of RRA and
IM in [13], [14], and has shown promising features towards
meeting the high expectations of future wireless systems in
terms of capacity, latency, energy-efficiency, massive device
connectivity, and deployment costs. More specifically, the IM
algorithm proposed in [13] [15] for allocating radio resources
and transmit power shows the remarkable merits of NOMAbased FRAN at providing user rate fairness in terms of
Jain’s index, without sacrificing global system throughput
as compared to OMA-based FRAN. In the same context,
power and channel allocation schemes are analyzed in [14],
[16], resulting in substantial improvements in the NOMAbased FRAN data throughput. Energy efficiency optimization
is investigated in [17], which proposes a matching-based
resource allocation solution. Recent works also consider the
joint resource allocation and content caching so as to capitalize on the edge-processing capabilities of NOMA-based
FRAN [18], [19].
Along those directions, this overview paper provides an
outlook of the opportunities and challenges resulting from integrating NOMA technology in a FRAN architecture. Within
this framework, the major motivations and contributions of
this paper can be listed as follows:
1) In the sequel, the advantages of NOMA-based FRAN
architecture are presented in light of B5G systems
selected use-cases, by advocating how this integration
can help achieve the conflicting objectives of eMBB,
mMTC and URLLC,
2) We then illustrate these potential merits and promising
insights through numerical evaluations,
3) Lastly, we identify the main challenges and discuss
open research directions in the context of NOMA-

based FRAN.
II. NOMA-BASED FRAN ENABLING 5G AND BEYOND
USE CASES

The International Telecommunication Union - Radiocommunication (ITU-R) sector defines three main classes of use
cases for 5G, i.e., eMBB, mMTC and URLLC. In this section, we discuss how NOMA-based FRAN can help meeting
or improving the QoS satisfaction level of each use case
separately. Other opportunities outside these use cases are
also presented. Each use case is characterized by specific
Quality of Service (QoS) requirements in terms of peak data
rate, latency, reliability and connectivity. These classes are
expected to evolve in the context of B5G systems in two
major ways: firstly by requiring more stringent Quality of
Service (QoS) targets, and secondly, by generating overlapping QoS requirements among different use cases such
as mMTC with eMBB-level peak data rate or eMBB with
URLLC-level latency. The latter scenario is illustrated for
instance by Extended Reality (XR), a new service envisioned
for 6G combining augmented, mixed and virtual reality [2].
A. TOWARDS THE REQUIREMENTS FOR EMBB

The first use case, known as eMBB, includes applications
that require ultra-high data rate and broad network coverage
such as 3D video streaming on 4K screens, virtual reality
and online gaming. eMBB peak data rates are expected to
be 1000-fold faster compared to 4G.
Thanks to the FRAN architecture, the required application contents can be, in addition to be stored at the cloud,
cached in the network edge in the proximity of the requesting
users, i.e., either in local FAPs or neighbouring user devices.
Compared to interference-limited small cell networks and
delay-limited CRAN, the network edge caching feature of
FRAN helps boosting the experienced data rates and dras3
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tically reduces the incurring latency. From a medium access
control perspective, NOMA further allows each FAP to serve
multiple users simultaneously, within each basic Resource
Block (RB) unit, as illustrated in Fig. 1- 1 (i.e., see label
1 in Fig. 1). Along the same direction, reference [15]
assesses the eMBB gains garnered through the integration of
NOMA within an FRAN architecture. More specifically, [15]
proposes an optimized RRA and IM method specifically
designed for the downlink of a NOMA-based FRAN. The
proposed RRA in [15] integrates specific constraints imposed
by the FRAN architecture, namely 1) the fronthaul capacity
limitation for each FAP, and 2) the local FAP operation
whereby each user can be associated to a unique (local) FAP
only. Note that, mathematically, this second constraint imposes a zero-norm constraint on the user and power allocation
vector variables, which is one of the main technical distinctive features of FRAN optimization problems, as detailed in
Section IV. Reference [15] shows that exploiting NOMA in
the downlink transmissions of FAPs indeed increases user
fairness without sacrificing data rates. Hence, NOMA-based
FRAN is an attractive solution to increase the number of
served users and devices, while simultaneously satisfying
their individual eMBB QoS requirements.
Similarly, in D2D communications, NOMA would enable one user to share its cache content to multiple users
simultaneously, as illustrated in Fig. 1- 2 . For instance,
reference [20] shows that, unlike D2D OMA, D2D NOMA
can be combined with users cooperation, i.e., instead of
discarding the weak user’s signal, the strong user sends
it to the weak user for channel diversity (Fig. 1- 3 ). As
in [21], [22], future studies on the integration of NOMA and
D2D communications in FRAN architecture, while taking
into consideration the caching capabilities of the Fog edge
devices, would indeed be useful for jointly providing eMBB
high data rates and low latencies.
B. TOWARDS THE REQUIREMENTS FOR MMTC

Tens of billions of Internet of Things (IoT) devices are
expected worldwide in the near future, and so mMTC help realizing such a massive connectivity of machines and sensors.
mMTC devices often have low computational capabilities
and low energy supplies, are mostly static, and communicate
with sporadic and short packets, mainly for control signalling
purposes.
Applying NOMA in the uplink transmission is, therefore,
particularly suitable for mMTC applications, as the number
of connected devices per basic RB unit can be increased,
thereby enhancing the network scalability (Fig. 1- 4 ). This
is particularly illustrated in reference [23], which proposes a
NOMA grant-free access where users transmit data without
waiting for APs to grant them radio resources. Such grantfree access reduces the energy consumed in signalling. A
comprehensive literature survey on NOMA-based grant free
transmissions for mMTC applications can be found in [24],
and on NOMA-based massive access in [25]. Compared to
grant-free OMA, higher transmission success probabilities

are achieved in grant-free NOMA as multiple user messages
can share the same radio resource unit without suffering from
collisions. Moreover, the FRAN and mobile edge computing
(MEC) architectures’ hierarchical networking and computing
structures from edge to cloud would facilitate the processing
of massive amounts of IoT data. Hence, NOMA-based grantfree access schemes in uplink FRAN are a promising, powerful solution for meeting the massive connectivity demands
of future mMTC use cases.
C. TOWARDS THE REQUIREMENTS FOR URLLC

The third use case, URLLC, comprises a set of features that are suitable for mission-critical applications, e.g.,
telemedecine, self-driving vehicles, tactile Internet, etc. Such
features are best described through low latency and ultra-high
reliability requirements as highlighted in [26]:
•

•

Extremely low latency: The end-to-end latency, i.e., the
total delay caused by transmission, queuing, processing
and re-transmissions – for URLLC applications is expected to be less than 1ms.
Ultra-reliable communication: The required Bit Error
Rate (BER) levels are in the order of 10−5 to 10−9
so as to guarantee extremely high packet transmission
success. In critical applications, such as telesurgery,
such BER requirement would be as low as 10−9 .

As mentioned earlier, FRAN supports low-latency realtime communications by carrying out data storage and computation at the network edge. Enabling NOMA-based allocation further reduces latency in both downlink and uplink.
In the downlink, NOMA multiplexes multiple user messages
on the same basic RB unit. In the uplink, NOMA allows
several users to simultaneously access the same basic RB unit
without collisions (Fig. 1- 5 ). Moreover, cloud-based optimized packet scheduling, RRA and IM can jointly enhance
the network reliability metrics of the users.
Despite the opportunities that NOMA-based FRAN has in
supporting URLLC, the joint provision of high reliability and
low latency is yet to be analyzed. First and foremost, the
effect of SIC processing delays, SIC decoding error propagation, unpredictable interference caused by grant-free access,
and imperfect CSIs should be analyzed in further details.
More precisely, it must be clarified whether the performance
gains offered by NOMA-based FRAN outweigh such additional burdens. In the next section, numerical evaluations
are presented for illustrating the potential of NOMA-based
FRAN in addressing eMBB, mMTC and URLLC requirements.
D. OTHER USE-CASES

The different use cases presented above can also be jointly
realized non-orthogonally through the same FAP in NOMAbased FRAN (Fig. 1- 6 ). Along this line, references [27]
and [28] analyze the performance of a network where eMBB
and URLLC coexist under NOMA, for FRAN and CRAN
architectures, respectively. The eMBB-URLLC coexistence

4
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III. PROOF-OF-CONCEPT: NUMERICAL EVALUATIONS

This section presents numerical evaluations that illustrate the
potential of NOMA-based FRAN in fulfilling the needs of
each of the use-cases presented in the previous section, i.e.,
eMBB, mMTC and URLLC. The presented results are based
on the algorithm proposed in [15], where user association,
power and RB allocation, as well as NOMA power split
optimizations are conducted for maximizing the weighted
sum-rate of a downlink NOMA-based FRAN with multiple
RBs. As the purpose of this section is to provide fundamental
basic insights as to why NOMA-based FRAN would be an
enabler of B5G systems, we do not delve into the technical
and mathematical details, which can be found in [15]. Nevertheless, let us simply describe the main ideas of the RRA
and IM method proposed in [15]. The problem is formulated
as a weighted sum-rate maximization subject to FRANspecific local processing and fronthaul capacity constraints,
where the goal is to optimize the user-to-RB assignment, the
power allocation to each RB, and the power split levels of
the NOMA users jointly served in each RB. To solve this
intricate mixed integer non-convex optimization problem, a
feasible three-step decoupled approach is designed, which
relies on the FRAN-specific cloud/edge computation capabilities. In particular, a Multiple Choice Knapsack (MCKP)based method is devised for solving the assignment problem,

1
OMA
NOMA

0.9

Fronthaul capacity=5*105
Fronthaul capacity=10 9

CDF of the user rate

is possible thanks to their non-contradicting, complimentary
requirements. While eMBB users are data-hungry, URLLC
users require that their packets are successfully delivered
within the required latency. Reference [27] proposes a hybrid
CRAN-FRAN architecture where two 5G use cases (eMBB
and URLLC) share the radio resource in a non-orthogonal
manner. The eMBB users’ traffic is processed in the cloud
as in CRAN, while the URLLC users’ traffic is processed at
the edge nodes. Reference [27] further shows that despite the
interference between the two use cases, NOMA offers low
latency for URLLC and better spectral efficiency for eMBB.
Reference [28] shows that serving eMBB and URLLC under
NOMA yields a better rate for eMBB, while guaranteeing
QoS for URLLC.
We note further that additional analysis is needed at this
stage to determine whether it is also possible to serve the
massive connectivity requests of mMTC use case in a nonorthogonal manner together with both eMBB and URLLC,
without inducing mutual impairments.
Another important aspect to consider is related to the
fronthaul links between the cloud BBUs and each FAP, which
may cause severe bottlenecks both in terms of data rate and
transport delay. In case of wireless fronthaul links, multiple
FAPs can be connected to the BBU pool within the same
radio resource through NOMA (Fig. 1- 7 ), as described
in [29] for CRAN. A similar setup can be implemented and
analyzed for FRAN. Moreover, cooperation among FAPs can
be established by sharing their decoded signals instead of
discarding them without impairing the strong latency requirements of the applications handled in FRAN.
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FIGURE 2. CDF of the user rate [bps] for NOMA-FRAN vs. OMA-FRAN,
different values of the fronthaul capacity [bps]

followed by an auction algorithm to enforce the FRAN local
processing constraint. The power allocation to RBs and the
NOMA power split optimization steps are solved using the
alternating direction method of multipliers (ADMM).
In the following, perfect Channel State Information (CSI)
knowledge is assumed at each FAP and at the cloud BBUs.
The main simulation parameters from [15] are illustrated
in Table 1 for clarity. Specifically, 28 users are uniformly
distributed over the network area served by 7 FAPs, one for
each microcell. As heavy load conditions were of interest,
full buffer eMBB traffic was assumed.
Parameter

Value

Environment
Number of FAPs
Number of users
NOMA users

Urban micro-cell
7 with wrap around
28
2 per resource block

TABLE 1. Simulation parameters

Firstly, Fig. 2 compares NOMA and OMA in terms of
the user rate cumulative distribution function (CDF). The
figure shows that, in the lower rate region, NOMA performs
better than OMA for both low and high fronthaul capacity
values. In the higher rate region, NOMA and OMA perform
similarly under low fronthaul capacity, while OMA serves
more users with a higher rate under high fronthaul capacity.
These results suggest that, compared to OMA-based FRAN,
NOMA-based FRAN has the potential to support more users
with their minimal required rates, thereby improving global
user fairness. This tendency is especially pronounced in
adverse network conditions where FAPs have low fronthaul
capacity.
User fairness is further illustrated in Fig. 3, which shows
the variation of Jain’s fairness index as a function of the
number of resource blocks available at every FAP. Jain’s
5
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FIGURE 3. Variation of the Jain’s fairness index according to the number of
resource blocks (fronthaul capacity=1 Gbps)

10-2

Second
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fairness index is maximum (equal to 1) when all users experience an equal rate. The major observation in Fig. 3 is
that, the fairness gain of NOMA based-FRAN against OMA
based-FRAN increases as the number of users increases. This
behavior confirms the prominence of NOMA-based FRAN
when the number of users in the network is high, a promising
insight for mMTC transmissions. However, further analysis
is needed to determine the optimal number of device packets
that can be supported by NOMA based-FRAN within each
resource block, under realistic mMTC network parameters.
Next, Fig. 4 depicts the CDF of the delay required for a
user to receive a packet from its serving FAP, in downlink
FRAN. Two packet sizes are considered: a small packet
size of 1064 bits that is typical for IoT applications, and a
standard packet size of 12 kbits. Fig. 4 shows that NOMAbased FRAN can largely reduce the experienced delays as
compared to OMA-based FRAN. Indeed, for a target delay of
1 ms, NOMA-based FRAN enables 8% more small packets
to be received within the deadline in the case of low fronthaul
capacity, and up to 20% more with a larger fronthaul capacity.
Similar gains can be observed in the case of standard packets,
and for a delay deadline of 10ms. These results illustrate the
promising possibilities for NOMA-based FRAN to realize
significant latency reductions over a wide range of applications and delay requirements.
Lastly, the CDF of users’ signal-to-interference-plus-noise
ratio (SINR) is shown in Fig. 5. This figure illustrates that
under NOMA-based FRAN, a larger proportion of users can
achieve a given SINR target in the lower SINR regime, which
corresponds to a certain block error rate level. For instance,
consider a similar scenario to reference [30], where the user
SINR should be at least -5dB to achieve a targeted block
error rate of 10−5 for URLLC. Then, NOMA-based FRAN
enables 5% more users to achieve this SINR target under
low fronthaul capacity, and up to 15% more under high fron-
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100

102
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FIGURE 5. CDF of the SINR for a block error rate of 10−5 at the users for
NOMA-FRAN vs. OMA-FRAN, different values of the fronthaul capacity [bps]

thaul capacity, as compared to OMA-based FRAN. Hence,
NOMA-based FRAN can potentially support a significantly
higher number of users while satisfying their minimal error
rate requirements that are inherent to URLLC applications.
Despite the fact that the above results are obtained based
on the weighted sum-rate maximization algorithms designed
for a NOMA-based FRAN in [15], such numerical evaluations demonstrate the promising potential of NOMA-based
FRAN in meeting the requirements of B5G systems usecases, for which the joint gains in terms of rate, fairness,
delay, and BER are essential. Our above numerical results
fully illustrate the need for more advanced RRA and interference management methods in the context of NOMA-based
FRAN, but tailored to the specific demands of each of the
future applications. These challenges are further discussed in
details in the following section.
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IV. CHALLENGES AND RESEARCH DIRECTIONS

NOMA-based FRAN provides a powerful and promising
platform for realizing future application requirements. Many
fundamental issues, however, remain to be addressed so as to
fully assess the gains which can be potentially harvested from
such an architectural integration. This section discusses the
main open issues towards the design of NOMA-based FRAN.
Few opportunities and challenges offered by this architecture
are also summarized in Table 2.
A. CLOUD-EDGE FUNCTIONAL SPLITTING AND JOINT
PROCESSING

Most of the related works on FRAN or MEC advocate
running the delay-sensitive applications locally in the FAP
closest to the user, and running the non-delay stringent applications at the cloud. However, in a dense network where
a large number of users make use of delay-sensitive applications, this fully distributed and local FAP operation would
create detrimental interference levels. Enabling high data rate
transmissions in real-time is only possible by smartly and
seamlessly distributing computation, storage, signal processing and radio resource management, among cloud and edge
entities. Therefore, a comprehensive study of an optimized
joint cloud-edge functional split in a FRAN that accounts for
each use-case requirement is necessary. Such “splitting and
joining" is expected to be seamlessly implemented in realtime using network virtualization and slicing technologies.
Given the specific service requirements of each use case as
previously discussed, the optimal joint cloud-edge functional
split should be, in theory, use case- or even applicationspecific.
B. RADIO RESOURCE ALLOCATION AND
INTERFERENCE MANAGEMENT

To best assess the performance of optimized NOMA-based
FRAN, a multitude of RRA problems can be formulated as
optimization problems, where the objective function can be
chosen based on the underlying application, e.g., weighted
sum-rate, weighted-sum power, max-min fairness, etc. Similarly, the optimization problems of interest may have both
discrete variables (user-to-FAP association and RB allocation) and continuous variables (FAP power, beamforming
vectors, power splitting ratios among different user messages
served through the same RB). The constraints can be a
combination of 1) maximum power constraint per FAP, 2)
fronthaul constraint per FAP, 3) QoS constraint per required
application, and 4) local edge FAP-operation as imposed by
the extreme latency requirements of delay-sensitive applications. For example, let xk be the FAP allocation vector
(alternatively, beamforming vector) for user k. Let the size
of xk be equal to the total number of FAPs. Constraint 4
above can then be cast as a l0 -norm constraint over xk , i.e.,
||xk ||0 = 1, ∀k. In other words, to guarantee the local edge
FAP-operation, only one element of xk is non-zero, i.e., user
k is served by a unique FAP. The discrete and combinatorial
nature of this local edge-FAP operation constraint makes

the RRA and IM more challenging in the FRAN case, as
compared to the CRAN case where any number of RRHs
may serve each user.
The weighted sum-rate maximization in a NOMA-based
FRAN results into an NP-hard mixed-integer optimization
problem. For instance, reference [15] proposes solving such
a complex problem by separately solving each RRA building
block, then iterating over the whole procedure until convergence to a suboptimal solution. The authors in [15] propose
an assignment algorithm based on Multiple Choice Knapsack
Problem combined with an auction approach to implement
the local edge FAP-operation constraint. It is also shown
that thanks to the same constraint, the objective function is
separable per resource block. Therefore, the computational
complexity of the problem is reduced by applying ADMM to
solve the power allocation to each RB, and also the NOMA
power-split among the users served through NOMA.
C. CACHING AND TRAFFIC OFFLOADING

Caching placement and traffic offloading strategies constitute
major assets of the FRAN architecture. Indeed, the FAPs and
end-devices are equipped with different degrees of storage,
computation and communication functionalities, offering an
unprecedented level of flexibility and adaptation to the spacetime variations of user demands. The goal of the caching
placement strategy is to determine the optimal FAP or enddevice locations for caching, according to file popularity distributions and to available storages, and hence to optimize the
files’ distribution across FAPs and end-devices. This problem
has been studied in [31] for a conventional FRAN without
NOMA, where both centralized and distributed modes are
proposed for minimizing average user download delay, under
cache storage capacity constraints. There is also a big potential for improving caching and traffic offloading, through
the hybrid use of the resources of nearby nodes, i.e., other
end-devices, as well as of installed infrastructure, i.e., FAPs.
Various studies have been conducted in such areas coined
as ad-hoc cloud and device-enhanced MEC [32]. These existing methods should be further leveraged in the context
of NOMA-based FRAN, which demultiplies the possibilities
for joint caching, computation and wireless transmission
optimization, in function of the available neighboring nodes
and FAPs.
Although dealing with Small Cell Networks rather than
FRAN, [33] designed a notable Reinforcement Learning
(RL) framework whereby small cell BSs learn what and when
to cache, and pre-fetch popular files during off-peak periods.
The Q-Learning based algorithm enables to find the optimal
caching policy through a joint consideration of local and
global file popularity demands, under BSs’ memory limitations, unknown popularity profiles and space-time popularity
dynamics of user requests. Although this issue has been
extensively investigated in the literature, the majority of the
existing works deals with the classical FRAN architecture.
One of the few works touching upon caching in the context
of NOMA-based FRAN can be found in [34]. However,
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NOMA use case
3*

Opportunities
•

Towards the requirements of the 5G use cases

eMBB

•

mMTC

•

•

URLLC

•

•

•

B5G use cases

•

•

Challenges and research directions

Downlink NOMA, D2D NOMA, edge
caching ⇒
1) better spectral efficiency and users’
fairness
2) increased number of served users satisfying their QoS
Grant-free NOMA in the uplink transmission ⇒
1) Increased number of connected devices
2) Reduced energy consumed in signaling
3) Higher transmission success probabilities compared to OMA
MEC architecture ⇒ facilitated data processing
Data storage and computation at the network
edge ⇒ reduced latency
Downlink NOMA ⇒ increased network
availability (more users are served simultaneously)
Uplink NOMA ⇒ reduced collision

Cloud-based optimized packet scheduling,
RRA and IM ⇒ jointly enhanced user performance metrics
Intelligently multiplexing multiple use
case with dissimilar requirements through
NOMA ⇒ increased spectral efficiency
Multiplexing multiple access points via
NOMA ⇒ improved fronthauling

•

Design a comprehensive RRA, IM, caching
placement and strategy that includes downlink
NOMA and D2D NOMA

•

Optimize the number of multiplexed users through
NOMA

•

Analyze the joint provision of high reliability and low
latency

•
•

Design an optimal joint cloud-edge functional split
Incorporate use case-specific requirements into joint
RRA, caching placement and caching strategy design
Design a hybrid and adaptive OMA/NOMA-based
transmission scheme
Determine whether the performance gains of NOMAbased FRAN outweigh the costs of SIC processing
delays, SIC decoding error propagation, unpredictable
interference from grant-free access, imperfect CSIs
Design and analyze a deep learning-based joint cloudedge processing

•
•

•

TABLE 2. Integration of NOMA in a FRAN architecture: some opportunities and open research issues towards supporting B5G requirements

caching is only treated as a constraint, while the objective
of this work is to optimize subchannel and power allocation
so as to maximize the energy efficiency of a NOMA-based
Unmanned Aerial Vehicle (UAV) network, where UAVs are
flying FAPs. Hence, comprehensive studies are yet to be
undertaken regarding this issue of optimized caching placement and traffic offloading strategies, in order to garner the
increased opportunities unleashed by NOMA-based FRAN.
D. HYBRID OMA/NOMA IN FRAN

NOMA users that are far from their serving FAPs are more
susceptible to interference from other FAPs, which may
cause severe performance degradation if joint cloud-edge
interference coordination is not feasible [11]. Moreover,
NOMA receivers require good CSI accuracy to avoid error
propagation in the SIC decoding process. However, retrieving
highly accurate CSI might be challenging in fast dynamic
networks. A hybrid and adaptive OMA/NOMA-based transmission scheme can overcome these limitations. For instance,
static/low mobility users that are close to their associated
FAP can be served through NOMA. However, highly mobile

users and users that are farther from their serving FAP may
benefit from OMA-based transmissions combined with Coordinated Multi-Point (CoMP)-like techniques [35] among
FAPs through joint cloud-edge processing, as serving them
through NOMA may degrade their performance due to their
high CSI uncertainty.
E. POTENTIAL OF MACHINE LEARNING TECHNIQUES

In the presence of a large number of use cases, applications as
well as heterogeneous users/devices with different mobility
profiles, overcoming the above mentioned-challenges – joint
cloud-edge processing, optimized RRA, caching, and adaptive OMA/NOMA – becomes quickly intractable. Moreover,
solving the RRA and IM optimization problem requires accurate CSI knowledge of all user-to-FAP channels at all FAPs
and at cloud BBUs, which results in unacceptable amounts of
CSI feedback signalling. Therefore, the use of machine learning (ML) techniques, particularly deep learning, recently
coined as “network-AI", becomes inevitable. For instance, a
trained deep neural network (DNN) can replace the classical
RRA and IM optimization problems. The DNN’s inputs are
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selected features such as channel statistics, traffic statistics,
required applications, user mobility profiles and its outputs
are the user-to-FAP association, caching assignment, power
allocation and NOMA power-split ratio between multiplexed
users. The DNN’s parameters, such as weights, number of
layers, functions, should be fine-tuned and adapted to realtime network fluctuations. Massive control signalling exchange and instantaneous CSI feedback would be no longer
required. Therefore, a large portion of the scarce radio resource would be freed.
Several research works investigate DNN issues in the context of CRAN and propose a fully centralized DNN located
at the cloud [36]. Contrarily, in other research works [37],
edge APs or user devices take autonomous decisions regarding resource access using Deep Reinforcement Learning
(DRL) for MEC. For NOMA-based FRAN, a deep learningbased joint cloud-edge processing should be investigated.
The cloud can perform DNN-based optimization for nonreal-time eMBB applications, and DRL-based FAPs handle
the delay-stringent applications. Broad avenues of research
are yet to be explored to exploit ML techniques at all levels,
ranging from network edges to the core cloud, in order to
unleash the full potential of NOMA-based FRAN in enabling
the awaited B5G services.
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[16]

V. CONCLUSION

Worldwide research efforts are already turned upon defining B5G wireless systems architectures and service requirements. This article discussed the promising opportunities that
result from the integration of NOMA in an FRAN architecture. The paper showed that NOMA-based FRAN has the
strong potential of meeting the requirements of envisioned
B5G use-cases, and illustrated such applicability in the context of eMBB, mMTC and URLLC. The paper also identified
notable design and analysis research directions that are yet
to be addressed, so as to fully harvest the various benefits
of NOMA-based FRAN in the context of B5G systems.
Up to the authors’ knowledge, this is the first paper of its
kind which numerically advocates for NOMA-based FRAN
capabilities at meeting the requirements of B5G systems
from a holistic perspective, which is in essence a step forward
towards defining the objectives of the much anticipated sixth
generation of wireless systems (6G).
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