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Abstract—The massive connectivity is among other unprece-
dented requirements which are expected to be satisfied in order
to follow the perpetual increase of connected devices in the era
of internet of things. In contrast to the family of conventional
orthogonal multiple access schemes, the key distinguishing fea-
ture of non-orthogonal multiple access (NOMA) is its capacity
to support the massive connectivity. Sparse code multiple access
(SCMA) is one of the powerful schemes of code-domain NOMA
(CD-NOMA) and is among the promising candidates of multiple
access techniques to be employed in future generations of wireless
communication systems thanks to the sparsity pattern of its
codebooks. This technique has been actively investigated in recent
years. In this paper, we provide a comprehensive survey of the
state-of-the-art of SCMA. First, we will pinpoint SCMA place in
the NOMA landscape including power-domain NOMA and CD-
NOMA with the aim of justifying why SCMA is prominent. Then,
its system architecture is highlighted and its basic principles
are presented, afterwards a review of exiting codebook designs
and available SCMA detectors is provided, before showing how
resources are expected to be assigned, and how SCMA can be
combined with other existing and emerging technologies. Finally,
we present a range of future research trends and challenging open
issues that should be addressed to optimize SCMA performance.

Index Terms—SCMA, NOMA, code-domain, codebook design,
multi-dimensional constellations, message-passing algorithms,
SCMA detector, IoT.
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I. INTRODUCTION AND BACKGROUND

The next decades will encounter many emerging applications
which will require to massively connect new devices. For
instance, the aim of the internet of things (IoT) is to massively
connect various types of physical and virtual objects into a
dynamic global network infrastructure and to enable appli-
cations such as connected cars, industrial IoT, smart cities,
connected healthcare, etc [1]. The major targets of the fifth-
generation (5G) mobile communication systems and beyond
are the massive connectivity, the ultra-high data rates, the
ultra-low latency, as well as flexible air interface design to
support several user requirements [2]. The 5G is expected to
increase the connectivity density by 10 (at least 10/ kmz) [3].
In 2021, the number of IoT devices and connected mobile
users will exceed 50 billion of active hosts [4]. It will be very
difficult to satisfy this huge demand on data traffic and massive
connectivity without proposing new enhanced communications
techniques especially enhanced multiple access schemes.
One key of the evolution of wireless communication sys-
tems over their different generations was to propose new
multiple access techniques including frequency-division mul-
tiple access (FDMA) for first-generation (1G), time-division
multiple access (TDMA) for second-generation (2G), code-
division multiple access (CDMA) for third-generation (3G),
and orthogonal frequency-division multiple access (OFDMA)
for fourth-generation (4G) [5], [6]. All these techniques are or-
thogonal, that is the wireless resources are orthogonally shared
among multiple users in different domains as time, frequency
and code. The orthogonality of the allocated resource elements
(REs) reduces the multiple access interference and had enabled
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low-complexity and efficient receivers. The aforementioned or-
thogonal multiple access (OMA) techniques are not sufficient
to reply to the increasing connectivity demand of the future
generations since the number of supported users is limited by
the number of available orthogonal REs. In order to enable
the massive access, non-orthogonal multiple access (NOMA)
mechanisms were introduced [7]. The idea is to further exploit
the REs by employing a non-orthogonal access, for instance,
multiple users can share the same narrow frequency band
over the same time slot which allows to serve more users
at the expense of increasing the receiver’s complexity. The
NOMA techniques are divided into two main categories ac-
cording to the type of allocated resources, namely: power-
domain NOMA (PD-NOMA) and code-domain NOMA (CD-
NOMA). However, other existing techniques can also assign
resources belonging to multiple domains to multiple users in
a non-orthogonal manner. Hence, the objectives of 5G and
beyond motivated, and will continue to motivate, the research
evolution of NOMA techniques despite the fact that the third-
generation partnership project (3GPP) decided not to include
them in 5G.

Recently, trying to incorporate PD-NOMA in 5G networks
have gained attention of researchers around the globe [8]-[10].
The main idea of PD-NOMA is to exploit a new dimension,
that is the power. On the other hand, CD-NOMA was inspired
by the classic CDMA systems in which multiple users share
the same RE by adopting a specific signature per user. The key
difference between CD-NOMA techniques and CDMA ones
is that the spreading sequences of the former are restricted to
non-orthogonal low cross-correlation sparse sequences.

Sparse code multiple access (SCMA) is among the CD-
NOMA techniques that are considered by the new radio (NR)
study in the 3GPP long-term evolution (LTE)-advanced, since
it was among the most reliable multiple access candidates for
5G [11], [12]. The SCMA encoder directly maps the incoming
bits of several users/streams to complex multi-dimensional
codewords selected from a specific predefined sparse codebook
set. The shaping gain of the multi-dimensional constellation
of SCMA leads to a better spectral efficiency. Due to the
attractivity of SCMA and the active research around it, we
think that it is important to provide a comprehensive survey
that aims to explain its birth, to analyze its various approaches,
to highlight its main advantages and to summarize the future
research directions which can improve its performance and
facilitate its integration in future mobile systems.

Contributions of the survey

Several papers were proposed to review existing NOMA
mechanisms [6], [8], [13], [14], [14]-[24]. Some of these
surveys focus only on PD-NOMA techniques [6], [8], [16]-
[18], [24]. The authors in [21] provides a comprehensive sur-
vey of the interplay between PD-NOMA and some emerging
technologies such as massive multiple-input multiple-output
(MIMO), millimeter wave (mmWave), energy harvesting,
wireless caching, and so on. In [23], PD-NOMA applications
to wireless networks, including cellular networks, device-to-
device communications and wireless sensor networks, was
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Figure 1. The outline of this survey.

reviewed. Also, recent advances in NOMA from a grant-free
access perspective were comprehensively discussed in [22].
On the other hand, the authors in [13], [15], [19], [20] tried
to cover the PD-NOMA and the CD-NOMA at the same
time. Hence, each paper have presented briefly some aspects
of SCMA. An overview of the existing multi-dimensional
constellations for uplink SCMA systems was proposed in [14],
this is the only survey that is dedicated to SCMA, however
only codebook design is covered. Table I summarizes the
contributions of existing surveys in a chronological order with
a special attention on how SCMA is involved in each one
among them.

The aim of this survey is to propose an inclusive overview
of the existing SCMA mechanisms which can be employed
as a part of future wireless systems and IoT networks. To
the best of our knowledge, a specific review that discusses
comprehensively SCMA does not exist. However, we think
that such a survey is needed and will be useful.

Scope and Organization
The outline of this paper can be defined as :

« First, we briefly review different types of NOMA schemes
in Section II which will help to better understand the
importance of all of them and to locate SCMA in the
large NOMA landscape by paying a close attention to its
advantages and drawbacks.

o Afterwards, the SCMA system model is presented in
Section III. We will highlight its architecture and its
basic principles before covering the different approaches
to design SCMA transceiver. This includes the SCMA
codebook design in Section IV as well as the different
existing detectors in Section V.

e Then, in the following section, we will turn our focus to
other aspects such as SCMA resources allocation, inter-

play between SCMA and other emerging technologies,
and practical experiments and prototyping of SCMA.

« Finally, discussion and open directions of research are
summarized in Section VII. The paper then, is concluded
in Section VIII.

The structure of our survey is illustrated in Figure 1.

Notation

Lightface letters denote scalars. Boldface lower- and upper-
case letters denote column vectors and matrices, respectively.
[A],, ., and x; stand for the entries of matrix A and vector x,
respectively. AT is the transpose of A, and A* is the optimum
solution of an optimization problem. Moreover, diag(x) is a
diagonal matrix whose diagonal elements are the entries of x.
A; and x; represents, respectively, a matrix and a vector of
user j and {A;} denotes a set of matrices of user j. ¢ is the
SCMA system. x « CAN(0, NoIx) denotes that the K X 1
vector x is a zero-mean circularly complex Gaussian variable
with variance Ny where Iy is the identity matrix of size K.
P(.) is the probability of an event and E(.) is the expected
value of a random variable. O(x) describes the complexity
order.

II. NON-ORTHOGONAL MULTIPLE ACCESS

The beyond 5G wireless networks face various challenges
in order to support large scale heterogeneous traffic and users,
therefore new modulation and multiple access schemes are
being developed to meet the growing demand [30]. Based
on how the resources are shared among multiple users, two
types of multiple access can be distinguished: OMA and
NOMA. The non-orthogonality means that users can exploit
simultaneously resources belonging to two different domains
at least, for instance it could be sharing the same time slot and
the same subcarrier for uplink (or downlink) communications
while still be able to decode the message of each user despite
the inter-user interference. NOMA, which has been recently
proposed for the 3GPP LTE-advanced [6], constitutes hence
a promising technology for addressing the aforementioned
challenges in beyond 5G networks by accommodating several
users within the same RE. By doing so, significant bandwidth
efficiency enhancement can be attained over conventional
OMA techniques.

NOMA schemes are mainly divided into two categories
according to how users are multiplexed at available REs,
namely PD-NOMA and CD-NOMA [15]. Figure 2 gives
a classification of existing multiple access schemes. Apart

Multiple Access Schemes
Orthogonal Multiple Access (OMA) Non-Orthogonal Multiple Access (NOMA)
TDMA CDMA m CD-NOMA PD-NOMA

Figure 2. An overview of exiting multiple access schemes
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Figure 3. TIllustration of downlink PD-NOMA principles. User A (near
user) is with better channel conditions, while user B (far user) is with
poorer channel conditions.

from these two categories, other existing alternative NOMA
schemes was also proposed in the state-of-the-art. In the
following subsections, we will briefly present the key NOMA
technologies by addressing the different domains of non-
orthogonality such as power, code, and other ones. For more
details on these techniques, their performance, and available
measurements and experimental results, reader can refer to
survey papers mentioned in Table I. Afterwards, a rough
comparison of the two NOMA families, in terms of their
spectral efficiency, system performance, receiver complexity,
will be introduced. This will help the reader to possess a global
summary of multiple access techniques and consequently to
understand why SCMA gained a lot of attention.

A. Power-Domain NOMA

The basic idea of PD-NOMA, so-called NOMA in several
works as well, is to allow supporting more multiple access
by employing a new dimension : the signal’s power [8]. PD-
NOMA is based on combining two key techniques namely,
superposition coding at the transmitter, and mainly succes-
sive interference cancellation (SIC) at the receiver’s side to
segregate user information. These two components are briefly
presented in the following paragraphs.

Superposition Coding: The fundamental concept of super-
position coding is to guarantee higher detection reliability by
superimposing several users at the same RE with a power al-
location among users based on the near-far propriety. The idea
is to allocate more power when the user is far from the base
station (BS), i.e. when the normalized channel gain is smaller.
Multiplexing users in PD-NOMA consists of superimposing
the constellation diagram of different users such that each
user’s information is modulated and summed among users with
appropriate power allocations so that the resulting signal still
form higher-order constellation.

Successive Interference Cancellation: At the receiver, SIC
can be invoked by the users to cancel interference. The optimal
detection order is from the strongest user to the weakest one
such that each user can detect its message without substantial
interference imposed by the stronger users whose signals are
already detected and removed from the superposed signal. In
this way, we first decode the message of the user with the
most allocated power where the messages from other ones are
considered as noise, and thus the decoded message is least
contaminated. This mechanism is depicted in Figure 3.

Theoretically, PD-NOMA is optimal in terms of achieving
the capacity boundary [15]. However, despite the fact that

the SIC receiver exhibits a low complexity when compared
to other CD-NOMA receivers, it is inherently sensitive to
error propagation, i.e. once an error occurs in decoding a
user’s signal, the rest of users’ data will be corrupted and
decoded erroneously. This implies keeping the number of users
reasonably low to reduce the effect of error propagation such
that a marginal impact on the PD-NOMA performance is
granted [31]. On the other hand, the error propagation prob-
lem may lead to a considerable retransmission overhead and
consequently a high packet transmission delay [32]. Another
limit to the PD-NOMA schemes is the high cost of dynamic
power allocation and users pairing especially when the number
of users increases which results in a huge feedback overhead
and requires some complex optimization methods [9], [33].
Different implementation aspects of SIC-based receiver for
PD-NOMA systems were reviewed in [29], the authors had
also proposed some advanced solutions for automatic-repeat-
request based data transmission [34] and simplified user pair-
ing [35]. As regards hardware aspects, the analog-to-digital
converter (ADC), employed to quantify the signal at SIC
receiver, suffers from the dynamic range problem [36]. That
is, more the strength of the received signal is different from
one user to another, more dynamic range of ADC is needed
for quantization, and more realizing an efficient solution is
difficult.

B. Code-Domain NOMA

The concept of CD-NOMA, which had been inspired by
the classic CDMA systems, allows multiple users to share
the same RE (time-frequency), but each user adopts unique
user specific spreading sequences which presents its signature.
However, separating these users at the receiver requires sophis-
ticated techniques, such as SIC and message passing algorithm
(MPA), at the cost of an increased complexity. According to
the different designs of code, we can distinct several CD-
NOMA schemes in addition to SCMA, the main existing ones
are presented in what follows.

Low-Density Spreading Code-Division Multiple Access
(LDS-CDMA): The most basic scheme of CD-NOMA is the
LDS-CDMA [37], [38] which extends the classical CDMA.
In CDMA systems, each user is associated to one among non-
sparse quasi-orthogonal spreading sequences. Each spreading
sequence is composed of a number of time slots so-called
chips. The symbol of all users are spread over different chips
and superimposed before transmission. At the receiver, a sim-
ple low-complexity correlation detector is sufficient to cancel
the inter-sequence interference thanks to the orthogonality of
sequences, but this comes at the expense of the number of
connected users. LDS-CDMA aims to increase the number of
users by spreading their information over a small number of
chips rather than all of them which consequently limits the in-
terference on each chip. Hence, low-density and consequently
non-orthogonal sequences are required. The MPA detector is
needed at the receiver even when the additive white Gaussian
noise (AWGN) assumption is considered. Hence, LDS-CDMA
has the drawback of high multi-user detection complexity.
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Low-Density Signature Orthogonal Frequency-Division
Multiplexing (LDS-OFDM): LDS-OFDM can be interpreted
as a transformed version of LDS-CDMA where each user’s
symbol is spread across a carefully selected number of subcar-
riers and superimposed in the frequency domain which makes
LDS-OFDM more adapted for strong frequency-selective
channels [39].

Multi-User Shared Access (MUSA): In a downlink scenario,
MUSA users are divided into several groups. In each group,
the signal of each user is multiplied by its specific power
scaling coefficient. Next, the signals of all the users of a given
group are added and then the superimposed signal is spreaded
through a specific sequence [40] as presented in Figure 4. The
group-specific sequences are designed to be orthogonal such
that inter-group interference is easily eliminated at the receiver
by using a low-complexity correlation. Finally, a SIC detector
can be employed to solve the intra-group interference problem.

Successive Interference Cancellation Amenable Multiple
Access (SAMA): Unlike MUSA, SAMA divides users into
several groups based on a joint design of the system signature
matrix and iterative multi-user interference cancellation tech-
nique such that a diversity gain is obtained [41]. The manner
in which users are organised into groups must accelerate the
convergence of the iterative detector at the receiver by first
eliminating the most reliable users (the ones whose data is
spreaded on more subcarriers) at each iteration which will
consequently facilitate decoding the less reliable users. The
authors in [41] considered that the above-described design
possesses a convergence-amenable property. An iterative MPA
can be efficiently exploited at the receiver.

Hybrid multiple access: Few existing works tried to com-
bine SCMA with other multiple access techniques [42]-[44].
Kim et al. [42] proposed a hybrid system based on PD-NOMA
and SCMA where near and far property of PD-NOMA is used
to serve multiple users simultaneously. The data of a group
of nearest users is superimposed using SCMA codebooks,
while a number of far users which is equal to the number
of REs is supported such that each user is associated to one
subcarrier. Later, in order to improve the spectral efficiency,
power domain sparse code multiple access (PSMA) extends
SCMA by allowing the same SCMA codebook to be used
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simultaneously by multiple users, then the signals of these
users are non-orthogonally multiplexed in the power-domain
before transmitting the superimposed signal on different sub-
carriers [43], that is the overloading is performed both in
the power and code domain. Recently, another coexistence
between PD-NOMA and SCMA was introduced in [44] based
on flexible joint non-uniform power allocation and multi-
dimensional code sparsity, this scheme allows to increase the
number of supported users. For these schemes, an MPA based
SIC detector is employed to decode the transmitted signals.

C. Other-Domains NOMA

Signature-based NOMA (S-NOMA) schemes are closely-
related to CD-NOMA ones since each user is distinguished by
a specific signature which can be based on codebook design,
delay pattern, interleaving pattern, spreading and scrambling
sequence [45]. The signature represents how data bits are
spread over available REs in non-orthogonal manner. Moti-
vated by the error propagation problem caused by SIC in PD-
NOMA, the pattern-division multiple access (PDMA) [46],
[47] uses a specific sparse pattern to map transmitted data onto
small part of a group of resources, i.e. the signature of PDMA
is its codebook structure. The PDMA pattern is a binary vector
whose length is the number of resources in the group, the
binary value of each one among its entries determines if the
user is mapped to the corresponding resource. The patterns are
selected to maximize the diversity order while minimizing the
overlapping among users [45]. Belief propagation (BP) based
iterative detection and decoding is adopted at the receiver in
an uplink scenario, while BP or SIC method is applied in
downlink scenario. Another multiple access approach is to
employ delay patterns such that the transmitted frames do
not arrive exactly at the same time. For example, random
phase multiple access (RPMA) [48] guarantees the inter-group
separation by assigning the same Gold code to all the users
in the same group, however, the superimposed signals inside
a given group can be segregated since they are transmitted
asynchronously after a random delay.

Other alternative NOMA candidates are based on interleav-
ing patterns where different bit-level interleavers are employed
for user separation with low multiple user interference. This
category includes interleave grid multiple access IGMA) [27]
and interleave division multiple access (IDMA) [49]. IGMA
achieves coding and diversity gains by randomly distributing
the transmitted bits based on a combination of bit-level inter-
leaver and sparse symbol-level grid mapping patterns which
adds another dimension to user multiplexing process. A special
case of IGMA is IDMA where different users can be distin-
guished by bit-level interleavers combined with low-rate error-
correction codes. Another S-NOMA approach is based on the
scrambling sequences which allows high degrees of freedom
for user separation using specific scrambling sequence for
each user. One scheme in this category is resource spread
multiple access (RSMA) [50], [51] which employs a combina-
tion of very low-rate error-correction codes and long enough
scrambling sequences with good correlation properties to well
separate signals. We can also mention the non-orthogonal
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coded access (NOCA) scheme [52] which spread data symbols
before transmission in frequency and/or time domain via low
correlation sequences which are defined by LTE, hence it will
not be very complicated to include NOCA in the 3GPP LTE
standard. Minimum mean-square error (MMSE) based NOCA
receiver outperforms existing OFDMA schemes in link level
performance.

Some other domains were also investigated to propose a
range of alternative NOMA schemes such as spatial-division
multiple access (SDMA) [53]-[55]. This advanced multiple
antenna technique aims to separate users by assigning them to
different spatial signatures in a MIMO system through creating
multiple spatial sub-channels in order to increase the degree
of freedom. However, SDMA performance is limited through
frequency-selective channels.

The NOMA techniques are extensively reviewed in [8], [15],
[21] and [24].

D. NOMA Standardization progress in 3GPP

In this subsection our aim is to review all technical outcome
and specification set proposed by the 3GPP, especially by
its technical specification group Radio Access Network (TSG
RAN), to investigate NOMA for long-term evolution (LTE)
(under Release 12, Release 13, Release 14) and for 5G (under
Release 15 and Release 16). Since 2013, 3GPP considered the
non-orthogonality pattern in different applications. For exam-
ple, a non-orthogonal extension of the network-assisted inter-
cell interference mitigation in LTE Release 12 was introduced
[56]. Then, since their 871 meeting, NOMA has been selected
as a study item in LTE Release 13, in which, PD-NOMA
was termed as multi-user superposition transmission (MUST)
[57]. The study concluded that PD-NOMA can increase system
capacity and improve user experience since multiple users’
transmissions can be superimposed on each other leading to
enhanced spectral efficiency. By the end of 2014, NOMA was
also selected as a work item in LTE Release 14. Furthermore,
many CD-NOMA schemes were evaluated for massive ma-
chine type communications (mMTC) scenario, and the results
show significant benefits of CD-NOMA in terms of uplink
sum throughput and overloading capability, as well as system
capacity enhancement in terms of supported packet arrival rate
at given system outage. In April 2016, a discussion on different
multiple access techniques for both downlink and uplink was
proposed in [58] where OMA schemes (TDMA, FDMA and
SDMA) and NOMA ones (MUSA, LDS-CDMA, SCMA and
RSMA) were compared in order to provide candidates for the
three different types of services for 5G networks whose re-
quirements vary according to supported functionalities: mMTC
(improved link budget, low device complexity, low energy con-
sumption, high density device deployment), enhanced mobile
broadband small data scenarios (eMBB) (low latency, higher
spectral efficiency/throughput) and ultra-reliable low latency
communication (URLLC) (low packet error rate, low latency).
Then, by the end of 2016, the activity on NOMA as work item,
was put on hold to give way for more basic 5G functionalities.
Many NOMA schemes were evaluated in LTE Release 14 and
the decision was to continue with NOMA as study item for
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Figure 5. Performance comparison of LDS-CDMA, MUSA, PDMA and
SCMA, in terms of BER, through Rayleigh fading channel : the number of
orthogonal REs is 4 and the number of users is 6.

5G Release 15 at least for mMTC. Later, due to the strong
interest in both academia and industry [59], NOMA study was
revived in Release 15 for both URLLC and eMBB scenarios
[60]. That is NOMA was studied under four main aspects: I)
transmission side NOMA schemes, II) receiver algorithms, III)
NOMA related procedures and IV) preliminary performance
evaluations.

Furthermore in Release 16, 3GPP TSG RAN, during their
85" meeting in May 2016, considered (a) 3 categories of
CD-NOMA based on how data is spread over allocated
resources: symbol-level spreading such as MUSA, bit-level
scrambling/interleaving such as IDMA, and joint modulation
and spreading such as SCMA, and (b) 3 major typical multi-
users receivers: MMSE hard interference cancellation, ele-
mentary signal estimator with soft-input soft-output (SISO)
decoder, and expectation propagation algorithm (EPA) with
SISO decoder.

Several proposed NOMA schemes in 3GPP studies were
categorized and compared, in a qualitative manner, in [61].
Recently, the authors in [29] had also highlighted the final
conclusions presented in NOMA study-items of 3GPP Release
15. No clear gain from NOMA over Release 15 and Release
16 mechanisms was observed in all studied scenarios. Mainly,
in a large number of cases, link-level results from many com-
panies showed no gain, and the system-level simulations do
not provide conclusive performance enhancement. Currently,
NOMA techniques are not deployed in the 5G, and are not
mentioned explicitly in the planning of 3GPP Release 17 and
Release 18. However, NOMA is expected to be reconsidered
in very high density scenarios of beyond 5G generations [29].

E. Pros & Cons of SCMA

Among all the existing non-orthogonal technologies, SCMA
scheme is shown to achieve a better link level performance
[62]. Unlike LDS-OFDM, bit to constellation mapping and
low-density spreading are combined together, i.e. bits directly
mapped to different sparse codewords in SCMA.

Comparison study between PD-NOMA and SCMA in [63]
showed that SCMA outperforms PD-NOMA when compara-
ble resources allocation strategies for heterogeneous cellular
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Figure 6. Representation of the encoder of a regular SCMA system.

networks are employed. This gain in performance is at the
expense of more complexity where SIC method is used to
separate signals in the PD-NOMA case while the more sophis-
ticated MPA one is used for SCMA systems, the later costs
more in terms of operations and materials [23]. That is why a
lot of research work was conducted to reduce the complexity
of SCMA detectors as it will be shown in Section IV, however
additional future contributions are expected to further enhance
this aspect. SCMA employs a multi-dimensional codebook
which leads to a constellation shaping gain and consequently
to better spectral efficiency when compared to other CD-
NOMA schemes as LDS-CDMA and LDS-OFDM [64]. The
authors in [65] studied the problem of random access in the
mMTC where a large number of IoT devices hope to get
access. It was shown that SCMA outperforms the current
LTE random access procedure and that of PD-NOMA in
terms of access success probability, average access delay and
throughput [65], [66]. In [67], the performance of SCMA
wireless networks was examined via a tractable analytical
framework using tools from stochastic geometry. This work
studied the impact of SCMA codebook design on the network
performance especially the optimal transmitter density.
Figure 5 illustrates a performance comparison among some
NOMA techniques, namely LDS-OFDM, MUSA, PDMA and
SCMA, in terms of bit error rate (BER), through Rayleigh
fading channel. Simulation results confirm that SCMA scheme
provides better performance when compared to others.

III. SCMA SYSTEM ARCHITECTURE

In this section, we want to highlight the basic principles and
proposed schemes of SCMA in order to explain how it can
provide multiple access.

A. Basic principles of SCMA

We consider a synchronous SCMA system with a BS and J
separate users so-called layers and X' OFDM subcarriers, so-
called REs. A SCMA transmitter encodes log, (M) data bits
of user j and maps them into a K-dimensional codeword, x;,
which is selected from a distinct codebook C'; of size Mj.
Each codebook presents the signature of the corresponding
user. The codebooks are built based on multi-dimensional
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constellation, C = {C;,1 < j < J}, whose shaping gain
enables it to outperform the traditional spread code based
schemes [68]. As to the codewords of SCMA, they are sparse,
i.e. only N; < K of their entries are non-zero and the rest
are zeros, N is called codebook sparsity degree. The sparsity
key of SCMA that all codewords corresponding to the ;®
SCMA layer have a unique location of non-zero entries at
the same (K — N;) positions. A regular SCMA system is
defined by N; = N,1 < j < Jand M; = M,1 < j < J,
an example is presented in Figure 6 where all users employ a
codebook of size 4 and their signals are spread over two REs,
ie. M; =4,N; = 2,1 < j < 6. The maximum degree of user
superposition on a given RE is denoted d, and the overloading
factor, A, is defined by the ratio of number of users to number
of REs, % Regrading the system in Figure 6, dy = 3 and
A = 150%. The codewords of all users, x5,1 <5 < J, are
superimposed and exchanged over the K REs.
The K-dimensional uplink received vector is given by,

J

y= Hpx;+n, (1)
j=1
Where y = (yl’... 7yK)T, X] = (x',la"' ’xj,K)T7 H] =

diag(h;) and h; = (hj1,---,hj k)" is the K x 1 channel
gain vector of user j. The K x 1 vector n corresponds to
the additive zero-mean white circularly complex Gaussian
noise with variance Np; i.e. n « CN(0, NoIf), where Ix
is the identity matrix of size K. However, Equation (1) is
transformed to express the K-dimensional downlink received
vector of user u, y,,, as follows,

J
“ :Huij—I—n.
j=1

The constellation function, associated with each user j
generates a constellation set with Af; alphabets of length
Nj;. Then, the mapping matrix V; maps the IN;-dimensional
constellation points to SCMA codewords to form the codebook
C;. A SCMA system can be described by a K x J factor
graph matrix F = (fj,--- ,f;) whose columns define the
positions of non-zero element of each user. Hence, the matrix
F is related to the codeword x;, in equation (1) and equation

)
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Figure 7. MPA factor graph corresponding to the SCMA system presented
in Figure 6.

(2), by the fact that the structure of F defines where zeros
are located in the codebook from which the codeword x; is
selected. Another way to represent the system is to employ
V ={V,,1 <j < J} where V; is the mapping matrix of
user j, it is worth noting that f; = VjVjT. For instance, the
system in Figure 6 is represented by,

1 110 0 O
1 001 10
F= 01 01 01
0 0 1 0 1 1
1 0
— For instance, V| = 0 1
V1= 1y
0 0

A factor graph is depicted in Figure 7 where every circle
represents a user (so-called variable node) and every block
represents a subcarrier (so-called function node).

B. Irregular SCMA

Most existing SCMA propositions are based on regular
structure where users are treated equally that is why these
propositions can not be adapted to users’ business needs
or conditions in the same scenario, this is not ideal. So
new irregular SCMA systems are needed to manage different
requirements such as capacity, connectivity, and data rate, and
to also exploit the knowledge of channel state information
(CSI) [69]. Some existing works tried to solve this problem,
for instance an irregular SCMA codebook design was proposed
in [70] to assign different codebooks with various dimensions
according to different users’ requirements. Simulations show
that using an irregular codebook design does improve the
system performance in terms of BER, however the authors
did not take into consideration the impact of the correlation
among users. Another irregular SCMA design was proposed in
[71], the idea was to employ different rotated angles to design
different codebooks for several user’s needs, nevertheless the
proposed codebooks are still far from being optimal. The
authors in [72] studied the resource allocation for different
users in the same system by proposing a flexible resource
scheduling scheme. Other contribution in [73] proposed an
energy-saving algorithm for a joint codebook design and
assignment, and power allocation for both uplink and downlink

]
Near User

N =1

Sparsity degree :

MA Encoder

Figure 8. Irregular uplink SCMA system with near and far users using
different sparsity degrees, N = 1 and N = 3 respectively, based on their
channel states [69].

SCMA scenarios. In [69], the total performance of the system
is adjusted according to users’ channel states by allocating
more REs to the users with the worst channel conditions. The
users are divided into different groups according to their CSI
and the near-far strategy is applied as shown in Figure 8. This
adaptive SCMA scheme outperforms the regular one when
different channel states are assumed which is more realistic.

In order to enhance SCMA mapping system, researchers
in [74] proposed a more flexible uplink SCMA scheme by
directly mapping a variable number of coded symbols from
each user onto subcarriers. This will improve the overloading
factor and system performance at the expense of more complex
signaling control.

IV. SCMA CODEBOOK DESIGN

Here, our aim is to highlight existing techniques to conceive
SCMA codebooks. The SCMA codebook design is a joint
optimization problem of the optimum user-to-RE mapping
matrix V* and the optimum multi-dimensional constellation
C*, and can be defined as,

v*,C* :argr{lfaé(D(qS(V,C;J, {M;},{N;},K)) (3

where D is a design criterion and ¢ is the SCMA system as it
was described in Subsection III-A. However, when a regular
SCMA system is fully loaded, one mapping matrix solution is
possible and hence it is automatically the optimal one.
Existing SCMA codebooks designs simplified this optimiza-
tion problem into a suboptimal multi-stage approach [14], such
that the design of SCMA codebook is performed in three
main steps: firstly a mother constellation, C,,, is designed,
then a user-specific transformation matrices, T';, are used to
generate user-specific multi-dimensional constellations which
are finally spread to generate the J codebooks. Hence, the
optimization problem in (3) is reformulated as follows,

{T;},C;, = arg s DOV AT Cnls
JAM;} NG} K)) - (4)
such that the j® codebook is calculated by,

C; = VITiC;,. (5)
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Figure 9. A block diagram of SCMA codebook design procedure.

This codebook design procedure is illustrated in Figure 9. In
the following parts of this section, a review of existing designs
of mother constellation and transformation operators will be
introduced.

A. Mother Constellation Design

The mother constellation matrix of regular SCMA consists
of N rows (or dimensions) of size M which allows to represent
each log, (M) bits with a codeword of N entries, the i entry
is a complex value which belongs to the i™ dimension of
the multi-dimensional constellation. The designed codebook
must possess a good distancing properties among the points
of the overall multi-dimensional constellation according to the
criterion D such that performance can be enhanced. Exiting
design criteria, D, including Euclidean distance, Euclidean
kissing number, product distance, modulation diversity order
and others are reviewed in [14]. These criteria are usually
exploited to evaluate the mother constellation, in this case
the applied transformations which are used to generate the
J codebooks must be designed to preserve the characteristics
of the mother constellation.

Hence, having several dimensions gives SCMA additional
degrees of freedom, this results in an inherent shaping gain
which is defined by the ratio of the minimum distance between
the codewords of normalized multi-dimensional constellation
of size M to the minimum distance between the points
of a normalized traditional one-dimensional constellation of
the same size. For example, the shaping gain of 4-point
two-dimensional constellation as proposed in [64], [75] over
quadrature phase shift keying constellation, in terms of Eu-
clidean distance, is up to 1.25 dB. The gain on the minimum
distance is translated in terms of better system performance.

With the aim to optimize the design of the mother con-
stellation, C,,,, several works was proposed. For instance,
in [75] the M-Beko mother constellation can be generated
by minimizing the average alphabet energy for a given
minimum Euclidean distance between any two constellation
points. Similarly, the M-Peng scheme [76] is designed based
on maximizing the minimum Euclidean distance between
constellation points of different users. In [77], a complex
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constellation building is proposed. Such that its imaginary part
is independent of its real one, which can help to reduce the
decoding complexity, a shuffling operation can be employed
to separate the imaginary and the real part of the complex
constellation.

One approach to further reduce the complexity of the
receiver is to conceive a low-projection mother constellation
[77]-[81], that is to employ a lesser number of colliding con-
stellation points over each dimension, however the codewords
of each user can still be decoded since they are distinct on
other dimensions as shown in Figure 10. This will decrease
the complexity at the detector, for instance, MPA complexity
can be reduced from M9 to M;l 7 where M, is the size of
the constellation after projection. The best employed criterion
to design the low-projection constellations is product distance
which has to be adjusted to be as low as possible without
degrading the performance in the high signal-to-noise ratio
(SNR) zone.

However, optimizing spreading codes and constellations is
not a new problem, different approaches with their associated
criteria exist in the literature [82]-[87]. These works inspired
a variety of multi-dimensional SCMA constellation designs.
Based on the quadrature amplitude modulation (QAM), the
TMQAM scheme was proposed in [79] where the design
of the proposed constellation uses a shuffling method which
establishes the N-dimensional complex constellation from the
Cartesian product of two N-dimensional real symbols with a
specific Euclidean distance. Then, a rotation is applied to max-
imize the minimum product distance of both N-dimensional
constellations. Similar to TMQAM, the MLQAM [80] tech-
nique applies the shuffling method but its constellation has
a low number of projections. Also, the authors in [88] pro-
posed a constellation for SCMA systems over Rayleigh fading
channels based on a criterion derived from cutoff rate of
MIMO systems, their proposition was denoted as M -Bao.
A spherical coding was also proposed in [89] by the same
authors of [88], however they shown that M -Bao codebooks
outperform the spherical coding based ones. The TMQAM,
MLQAM and M-Bao are all based on Cartesian product of
two log,(M)-QAM which constitutes the M corners of a
log, (M )-dimensional hyper-cube. The authors in [90] pro-
posed the MHQAM scheme based on an optimization of
rotation angles of the hyper-cube, this leads to a reduction
of MPA complexity from M? to (log,(M))% . For a better
illustration of mother constellation design, two examples of
2-dimensional ones with 4-codewords are provided in Table II
and Figure 11.

Some multi-dimensional constellations are constructed by
exploiting multi-radius rings [80], [92]-[94], i.e. the constel-
lation points of a given dimension are not randomly placed
but they belong to concentric rings. The M-point circular
constellation MCQAM [80] is based on the analysis of the
signal space diversity for MIMO systems over Rayleigh fading
channels with a low number of projections for each complex
dimension. MPA complexity is then reduced from M9/ to
(M — 1)%. A multi-dimensional SCMA codebook design
based on star-QAM constellations was proposed for uplink
SCMA systems in [92], [93]. That is the first dimension of
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Figure 10. Low-projection constellation :

Table 1T
TWO EXAMPLES OF 2-DIMENSIONAL CONSTELLATIONS WITH
4-CODEWORDS
WHERE Zy, 1, IS THE K™ ENTRY OF THE m™ CODEWORD m, THAT IS
Zm,k BELONGS TO DIMENSION k.

T4QAM 4LQAM
Codeword m Q Q

Tm,1 Tm,2 Tm,1 Tm,2
1 (00) +2 | A || -2 | -
1 3 V2 V2,
2 (01 Sl tE | -F | +F
3 (10) +A | -F || 2| %
3 1 V2 V2,
4an “vm | —vm ||t |

mother constellation is constructed using a M -dimensional
star-QAM constellation, then, the other dimensions are ob-
tained by scaling and permuting the points of the first one, an
example is illustrated in Figure 12. The mother constellation
parameters are obtained through computer search inspired by
the approaches in [82], [86]. This approach is powerful for de-
signing codebooks with large size and/or high dimension. The
optimization objective in [93] was to minimize the pairwise
error probability between two transmitted codewords x,, Xy
which is given by,

P(xa, x| H) = @ (6)

This criterion can be interesting since it is applied directly on
the generated codewords of the J codebooks and not on the
mother constellation.

Multi-stage optimization of another ring-based approach
was proposed in [94]. Each ring is composed of uniformly
spaced phase shift keying (PSK) points such that the whole
rings form an amplitude and phase shift keying (APSK) con-
stellation which is capable of outperforming the classic square

an example of QAM SCMA codeword of size M = 4 with two non-zero resource elements.
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Figure 11. Illustration of two examples of 2-dimensional constellations
with 4-codewords, i.e. T4QAM [79] and 4LQAM [80]: (a) projection

of TAQAM over first dimension, (b) projection of T4AQAM over second
dimension, (c) projection of 4LQAM over first dimension and (d) projection
of 4LQAM over second dimension.

shaped QAM constellation in peak-power-limited systems.
The first dimension is designed by maximizing the coded
modulation capacity, then the other dimensions of the mother
constellation are deducted using optimized permutations.
The optimization problem defined in (3) and (4) is usually
non-convex quadratically constrained quadratic programming
problem [75], [76]. This class of optimization problems is NP-
hard, and it is generally difficult to solve. This problem can
be reformulated/linearized and consequently transformed into
a convex second-order cone programming one, hence it can be
solved efficiently, e.g., by CVX [95]. This procedure is known
as the convex-concave method [75]. Another way to solve this
type of problems is to approximate it based on a semidefinite
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Figure 12. An example of four-rings star-QAM mother constellation for
the design of a SCMA codebook of size M = 4 and sparsity degree N =
2 where o and S are 2 reel design parameters.

relaxation, then the original solution can be extracted from
the optimal solution of the approximated problem by Gaussian
randomization approach [76]. However, in most exiting works,
the optimization problem is reformulated and then solved by
an exhaustive numerical computer search [88], [90], [93],
[94], [96]. This approach could be computationally complex,
some solutions were proposed to overcome this difficulty. The
authors in [88], [93] proposed a compact reduced parameteri-
zation of matrices to be optimized which makes this simplified
search process feasible, for instance, the whole design process
in [93] is based on two parameters. In [94], the complexity
of search can be reduced by iteratively searching inside a ran-
domly selected list or by using the binary switching algorithm
which penalizes the symbols with the strongest contribution
to a bad performance. In [90], the research zone of rotation
angles is first reduced based on maximum a posteriori analysis,
then second-order rational polynomial is used to find a close-
to-optimal angle based on the Levenberg-Marquardt algorithm
which is efficient for non-linear least squares curve-fitting
problems, this operation has a much lower complexity than
an exhaustive search [97].

B. Transformation Operators Design

Once having the mother constellation of N-dimension, C,,,,
different sets of operators can be applied on top of it to build
multiple sparse codebooks for several layers of SCMA. As one
of the fundamental steps in the design of SCMA codebooks,
the transformation operators design was investigated in recent
researches works [93], [94], [98]-[102]. A transformation
operator, T; (see equation (5)), could be either one or a
combination of typical operators such as complex conjugate,
rotation operator, interleaving and vector permutation.

12

In most works, preserving an adequate Euclidean distance
profile of the mother constellation is based on applying a
unitary rotation matrix [64], [75]-[77], [79], [91], [103]-
[105]. The authors in these research works have combined
the mapping matrix and the transformation one to form a
new rectangular matrix, Fr. An example, for K = 4, N =
2 and M = 4, is given by [91],

0 @1 w2 0 w3 O

w2 0 w3 0 0 ¢ 7
0 w2 0 w1 0 3

o1 0 0 w3 @2 0

Fr=

where 1 = €71,y = €79 and @3 = e7%. Traditionally,
0, = 0,0 = %, and 05 = %’r In this circumstance, the
codebook of user 1, for instance, is calculated based on the

following mapping and transformation matrices,

0 0

10 el 0
V1 = 0 0 and T1 = |: 0 €j01:|.

0 1

The matrix Fr respects the Latin criterion where not only
non-zero elements in each row are distinct but also those
in each column which leads to controlling both dimensional
dependency and power variation of the multi-dimensional
constellation, while keeping the Euclidean distance unchanged
[77], [103]. Figure 13 shows the normalized 2-dimensional
constellations with 4-codewords, generated by applying uni-
tary rotation transformation, as described in equation (7),
on the T4AQAM mother constellation. The projections of the
constellation of each user on its associated two REs are
depicted in subfigures. The complete codebooks, as introduced
in [91], are given in appendix A.

In [88], multi-user codebooks are obtained via specific
computer-designed rotation matrices instead of the unitary
rotation ones. Furthermore, a two-dimensional specific user
rotation is applied to the mother constellation proposed in
[80] to generate the different SCMA codebooks. In [100], the
SCMA design and the security of the link are combined, the
codebooks are generated by rotating the mother constellation
with random angles extracted from channel phases, this re-
quires to know the CSI. These encrypted codebooks protect
exchanged information with low complexity.

An optimization of transformation operator was proposed
in [99] based on a novel criterion to select the most appro-
priate permutation set in order to improve the probability of
reliable detection of the first user which largely improves the
performance of MPA detector. The proposed criterion tries to
maximize the sum of distances among dimensions of interfer-
ing codewords multiplexed on each RE. A permutation-based
SCMA scheme is proposed in [106], the idea is that the code-
book of user j is designed by mapping the encoded codeword
to N among K REs whose positions are defined according to
the values of data bits to be transmitted, i.e. different non-zero
locations of encoded complex vectors are assigned to different
codewords. This approach is different from the majority of
SCMA designs where the fixed positions of non-zero elements
of each user are determined by the columns of the factor graph
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REVIEW OF EXISTING SCMA CODEBOOK DESIGNS

Reference Year Approach Uplml_( / Optimization criterion Description
downlink
M-Beko method formulates the constellation design as a
Beko ef al. Uplink & Ave?rage a!phabet energy for a non-convex optimization problem which objective is to
M-Beko . given minimum Euclidean minimize average alphabet energy between any two
[75] 2012 downlink . . : . !
distance constellations points. This method can offer an optimal
solution.
Euclidean distance. product Using a unitary rotation to produce a multi-dimensional
Boroujeni et al. TMQAM Uplink & distance & e{vera é P roduct mother constellation. This document introduces also the first
[79] 2013 downlink ) distan sep low-projection multi-dimensional constellation. USA Patent
stance US9509379B2.
A systematic approach based on lattice constellations is
. . . employed to design multi-dimensional constellation with a
Taherzadeh et Shuffling QAM Uphnk & Euclidean d{stance & product reasonable minimum Euclidean distance which is then rotated
al. [77] 2014 downlink distance N . .
to reach a good product distance. Shuffling operation can be
applied.
Yu et al. [92) Codebook with large minimum Euclidean distance, using
[93'] 2015 Star-QAM Uplink Pairwise error probability star-QAM improves SCMA BER gain without sacrificing the
2018 system implementation complexity.
Zhane et al Irregular SCMA: Various sparsity degrees for various user
[50;) a 2015 Ir'SCMA Uplink Not specified needs. Authors introduced the notion of degree distribution of
SCMA. The first proposition of an irregular SCMA.
Irregular SCMA: this paper extends the proposition in [70]
. via an optimization of the employed rotation angles. The
Yu et al. [71] 2016 IrSCMA Downlink EXIT chart degree of user superposition on a each RE is constant in
contrast to [70].
Rotation matrices are obtained through exhaustive computer
search over compact parameterizations of unitary matrices, a
Bao et al. [88] 2016 M-Bao Uplink Cutoff rate of MIMO system suboptimal solution was applied. Perfect channel knowledge
is assumed.
Spherical codes design is formulated as a non-convex
. . . . second-order cone programming problem. Hybrid lattice and
Bao et al. [89] 2016 Spherical codes Uplink Squared Euclidean distance spherical codes based constellations are also discussed. Low
peak-to-average power ratio. -
Low-nroiection Circular QAM for SCMA mother constellation design,
Metkarunchit 2017 I;\/[(JI Downlink Cutoff rate of MIMO system complexity of MPA depends on the reduced number of
[80] constellation points.
Peng et dl. Uplink & ) ) A joint des1gn of codcl?ook apd mapping matrices. The
M-Peng . Euclidean distance proposed solution is semi-definite relaxation of non-convex
[76] 2017 downlink . . X .
quadratically constrained quadratic programming.
. . - Codebook design is based on turbo trellis coded modulation.
Dimension . Sum of distance between ) : . . .
Yan et al. [99] distance-based Uplink & dimensions of interfering Phase rotation and interleaving employ an appropriate
’ 2017 . downlink permutation set which is selected according to the introduced
design codewords o
criterion.
. A transmission of SCMA codewords designed using random
Dynamic angles extracted from CSI wich will grant more secure
Lai et al. [100] codebook Downlink Not specified o . .
2017 desien transmission process. Upper-bound-aided codebook design
& was introduced.
. . . Flexible resources scheduling scheme according to user’s
Zhai et al. [72] 2017 IrSCMA, QAM Uplink Not specified features.
Multi-stage optimization of multi-radius rings based
Low-projection multi-dimensional constellation by permuting an
Bao et al. [94] 2018 mother Uplink Coded modulation capacity one-dimensional constellation. Introduction of a new design
constellation criterion. Application of bit-interleaved BICM with iterative
multiuser detection.
Vameghesta- Frame-error-rate of a Construction of gray-labelled mother constellation based on
hbanati et al. MHQAM Uplink . hypercubes which is used along with BICM. Exhaustive
2020 LDPC-coded system .
[90] search is employed.
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Figure 13. TIllustration of the six 2-dimensional constellations with 4-codewords, generated by applying unitary rotation transformation, as described in

equation (7), on the T4AQAM mother constellation [91]: the projections of the constellation of each user on its associated two REs are depicted.
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Figure 14. Performance evaluation of uplink SCMA system with different
codebook designs through Rayleigh fading channel : the number of
orthogonal REs is 4 and the number of users is 6.

matrix, F, as illustrated in Subsection III-A. The proposed
permutation approach increases the spectral efficiency without
a complexity overhead when compared to traditional SCMA.
A combination of matrix permutation and rotation is employed
as transformation operator in [92], [93].

It is worth mentioning that labeling affects the performance
of SCMA system in terms of BER, hence it is important to
employ the appropriate labeling. For instance, once the multi-
dimensional constellation is designed in [94], its labeling is
optimized such that the slope of the extrinsic information
transfer (EXIT) chart is well adjusted.

A performance evaluation of uplink SCMA system with
different codebooks through Rayleigh fading channel is shown
in Figure 14, it is obvious that the design of codebook has an
important effect on the system performance. A summary of

existing SCMA codebook designs is presented in Table III.
Furthermore, a review of SCMA multi-dimensional constella-
tions design was proposed in [14] in which further details on
some of the aforementioned SCMA codebooks can be found.

V. SCMA DETECTOR DESIGN

In this section, our objective is to highlight existing algo-
rithms and mechanisms employed to enable the receiver to sep-
arate the superimposed codewords which were selected from
one of the above presented SCMA codebooks. Each RE of
the SCMA systems is occupied by several users which results
in smaller Euclidean distances among the constellation points
and could degrade the link performance. A block diagram
of classic SCMA system is shown in Figure 15, after the
OFDM demodulator, the transmitted signals must be estimated
which requires to have some knowledge of the communication
channel, to segregate the SCMA codewords and finally to
decode the channel encoding after a deinterleaving operation.
Most existing methods propose to sequentially apply the
aforementioned steps, however some research works aim either
to jointly decode SCMA and channel correction codes, or to
design joint detection methods for MIMO-SCMA systems.
A comprehensive review of stand-alone or joint SCMA de-
tectors is provided in the following subsections. Also, Table
V summarizes SCMA detection techniques by showing their
approach, their assumptions and their complexity order.

Most existing works on SCMA detectors employ MPA or
one of its variations, or a combination of MPA and other
methods. Hence, it is straight-forward to start by presenting
MPA in the next subsection before reviewing other existing
techniques. However, Figure 16 shows the structure of this
section along with the most important detection methods.
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Figure 15. Block diagram of SCMA system model.
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Figure 16. Detection methods for SCMA systems.

A. Message Passing Algorithm

MPA is defined as an iterative parallel decoding technique
based on passing the extrinsic information from function nodes
(FNs) to variables nodes (VNs) and vice versa [37], [107]
as shown in Figure 7. In each iteration, each FN of the
factor graph computes its outgoing message to a given VN
depending on the incoming messages received from the rest
of VNs. Then, each VN will send back its message depending
on the received messages from the reminder of FNs. Finally,
one iteration is considered as completed when one outgoing
message has passed in both directions along every edge. The
log-likelihood-rates (LLRs) of each coded bit are calculated
after few iterations in order to estimate the bites of each user
J.

The MPA is based on three main steps as shown in Algo-
rithm 1 for a SCMA system of J users using M constellation
points through K orthogonal REs.

B. Variations of MPA

A complexity evaluation of MPA reveals that it relies on a
large number of exponential calculus which are of high com-
plexity. A mathematical simplification is to approximate the
logarithm of a sum of exponential operations into a maximum
operation which is very less expensive in term of complexity.
This lead to introduce a simplified version of MPA denoted
Max-Log-MPA [108], [109]. To mitigate the performance
degradation resulting from the aforementioned approximation,
a correction term can be added which introduced another
simplified version of MPA known as Log-MPA [109], [110].
Figure 17 depicts the BER obtained by the three previously
mentioned variations of MPA, namely MPA, Log-MPA and

Max-Log-MPA, through Rayleigh fading channel. It is obvious
that, contrary to Max-Log-MPA, Log-MPA can achieve near-
optimum performance when compared to MPA due to the
aforementioned correction term which compensates for the
performance loss of Max-Log-MPA. Furthermore, the perfor-
mances of the three methods converge when SNR increases.
However, the computational complexity of Log-MPA is still a
big challenge for some practical implementation especially for
energy-sensitive user equipment’s in the downlink scenario. As
the computation complexity of the above-mentioned detection
algorithms increases exponentially with dy, the detection still
takes considerable time. The parameter d; must be designed
to be very small, which largely limits the choice of codebooks.

Also, in [111], a framework for an improved MPA based
SCMA multi-user detector was designed. Two aspects of MPA
are simplified and optimized. A lookup table scheme was
introduced first to substitute the information calculation in the
FN which will reduce the complexity and can guarantee a
stable convergence of the MPA based detector. The authors
proposed also two novel scheduling methods namely the single
scheduling MPA (SS-MPA) and the multiple scheduling MPA
(MS-MPA). For SS-MPA, the soft messages in the FNs and
VNG are serially calculated and synchronously updated. On the
other hand, MS-MPA employs multiple detectors to calculate
in parallel and update the node messages by different orders.
Both the SS-MPA and MS-MPA are optimized to converge
more quickly than the conventional MPA.

A mechanism based on joint SIC-MPA was proposed in
[112], the soft information at the SIC output is sent to the
MPA. CS based techniques can be invoked to enhance the
MPA based detector as studied in [113], the proposed method
is referred to as a CS-aided MPA detector. The detector is
divided into two phases: an initial detection is performed by
few MPA iterations, this operation is followed by sparse error-
correction based on the fact that the symbol error produced by
initial detection tends to be sparse. Hence, a CS-based greedy
pursuit algorithm is applied to estimate the error accurately,
and consequently the initial estimated vector is updated by
adding the estimated error vector.

Authors in [114] proposed serial MPA algorithm based on
fairness where, instead of calculating the messages in parallel,
the probability information of a given user output codeword
is updated immediately as soon as the information of one of
its corresponding FNs is updated. This method can improve
the convergence performance of the algorithm and reduce the
computational complexity. An edgewise serial based MPA was
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Algorithm 1: Message Passing Algorithm

Input: y, No,C},h;,5=1,---,J.

Result: Estimate the value of coded bits for each user j, j =1,---,

Definitions

Variables nodes (VNs) represent users,

Function nodes (FNs) represent resources or subcarriers,
U(k) ={j,1 <j < J|VN; is connected to FNj},
R(j) ={k,1 <k < K | FNj, is connected to VN, }.
Stepl: Initialization

The prior probability for each codeword is given by:
Step2: Iterative message passing along edges
while N, do

Vo

for a given codeword x,, € Cj,m =1, --

Ul ten) = 3 exp{ -

xi|i€U(k)\J

for a given codeword x,,, € Cj,m =1, --
Uz;} (Xm)
UiSj(xa)

i—J

[Lier i\

V't—>k(xm) =
’ >oxiec; Hiergyw

end
Step 3 : Taking a decision (LLR at each VN)

1) For each layer j, j =1,---

H UN"“

k—>j
kER(F)

j—)k

1) FN update: the message to be passed from FNj, to one of its neighbors VN;, k=1, -

2) VN update: the message to be passed from VN to one of its neighbors FNy, j =1, --
, M, is given by,

,J, the a posteriori probability of codeword x,,,,m =1, -

Xm) =P(Xm) = 37,5 =1, , Lk € R(j)

K. j e U(k),
, M, is calculated as,
1
FOHyk - Zhj,kxm,kH } H V;t_ﬂi Xm
J €U (k)\Jj
,J k€ R(j),

Normalization is necessary to keep the algorithm numerically stable.

, M 1is defined as,

2) Log-Likelihood-Rate for each coded bit, b;, 1 < i < log,(M), is represented by,

P(b;

LLR(b;) = log (

‘:0)) = log 2 (e, =0y P (¥m)
P(bl = 1) Z{xntecj‘bi:l} ]P)(Xm)

Finally, each bit is decided according to the value of its LLR as following,

S

-|

1if LLR(b;) <0
0 otherwise.

proposed in [115], the idea is to update the messages in an
edge by edge way which allows the messages to the same
VN to be updated at different times such that a more reliable
extrinsic information is used in a balanced manner.

Several SCMA detection methods employ a threshold in or-
der to enhance the performance and/or reduce the complexity
[116]-[119]. A threshold-based MPA was introduced in [116],
it is based on comparing the LLR of each coding bit with a
given threshold in order to evaluate its reliability such that
its value can be decoded in advance and the updating of the
user can be stopped. However, this may cause the loss of the
posteriori soft information of other users who occupy the same
RE and results in a reduction in the accuracy of likelihoods
calculation. The authors in [117] employed the less complex
Max-Log-MPA instead of MPA, and they chose to stop updat-
ing a VN based on a combination of the codeword reliability

and the user node stability. A node is considered stable when
the more reliable element in its codeword is still the same
during several iterations. A selection criterion was introduced
in [118] in order to reduce the computational complexity by
allowing only the connections between a FN and a VN with
belief ratio lower than a given threshold in the last iteration
to interfere in the message passing process at the current
iteration. In [119], a threshold is employed to choose the edges
which can interfere in calculating each MPA message. The
expressions of the probability of selecting a given number of
edges and that of the average complexity order were derived
as a function of the threshold. A belief judgment criterion
is applied in [120] on each FN and VN to judge the early
termination, i.e. to decide when the convergence is achieved,
the authors proposed also a stability judgement based self-
adaption algorithm to predict and update the belief of next
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Figure 17. Performance comparison of MPA, Log-MPA and MAX-
Log-MPA variations through Rayleigh fading channel : the number of
orthogonal REs is 4 and the number of users is 6.

iteration based on the convergence tendency.

A partial marginalization MPA (PM-MPA) was introduced
in [121], the codewords of a given number of users are
determined after a predefined number of iterations, the con-
cerned users are chosen randomly or based on the codewords
reliability. Only the message of the undetermined users will
be updated with the determined codewords in the remaining
iterations. After the maximum number of iterations, the code-
words of all users will be finally determined. In [122], [123],
the authors introduced a SCMA trellis representation after
mapping SCMA constellation to a Galois field. Based on the
introduced trellis representation, a low-complexity truncated-
messages based decoding method was proposed. The principle
of truncation means selecting the most reliable messages
(and their corresponding symbols) after their calculation at
each user node. This method was denoted as extended max-
log (EML). They further propose a channel adaptive EML
algorithm to truncate the messages with a criterion that can
be adapted according to the CSI.

Most MPA variations are based on a fixed number of
iterations which is not optimal since a large number of
iterations will considerably increase the complexity, while
a low one will lead to less performing detectors. Figure
18 evaluate the performance of MPA, in terms of BER,
for different number of message passing iterations when the
channel is assumed to be AWGN or Rayleigh distributed. In
the two cases, the performance improves as the number of
iterations increases, nevertheless no significant improvement
can be observed beyond a certain limit. Moreover, the authors
in [109] affirmed that the same convergence behavior can
be observed for Log-MPA and Max-Log-MPA. Therefore, a
reasonable number of iterations can be set to 4. A flexible
number of iterations was allowed in [124] by supervising
the convergence rate of each codeword probability which will
guarantee to reduce the complexity without compromising the
performance.

—#%— AWGN -

AWGN -
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Figure 18. MPA performance comparison for different number of
iterations through AWGN channel and Raleigh fading channel : the number
of orthogonal REs is 4 and the number of users is 6.

C. Approximated distribution based algorithms

Gaussian-approximated (GA)-MPA was applied for CDMA
and massive MIMO systems [125]. In the last few years, sev-
eral research works dealt with how approximated distribution
based MPA can be used to detect SCMA symbols [126]—
[129]. One idea is that the message update operation at FNs
is simplified by updating the symbol likelihoods for each one
among its connected VNs based on the fact that the other
VNs’ messages are approximated as a Gaussian interference.
In [126], two simplified algorithms were proposed, namely
generalized approximate MPA (GenA-MPA) and SIC-GenA-
MPA. The approximation adopted in GenA-MPA transforms
the vector estimation problem into a scalar one, hence the
complexity is reduced and hardware solutions become feasible.
The SIC-GenA-MPA method further simplifies the GenA-
MPA one by calculating the closest value to the user code-
words, and then eliminating the calculated user layer of
MPA based on the generalized approximate result. In [127],
maximum likelihood (ML) is employed for a selection of
FNs while GA-MPA is performed on the remaining ones. The
authors in [128] combined matched filtering with iterative GA
based detector in an uplink SCMA system. In order to alleviate
the absence of CSI, a training phase is performed to estimate
the matcheded filtered channel before data transmission. The
training overhead can be neglected, and the complexity of this
method is of polynomial order. The factor graph was extended
for MIMO-SCMA systems in [129] such that two GA based
detectors were proposed. The complexity was pulled down
from exponential to linear order.

Another approach to design SCMA detectors is to estimate
posterior distributions through distribution projection [130]—
[133]. The complexity of this approximate Bayesian infer-
ence method depends on the simplicity of the distribution
to which we are projecting. In [130], posterior distributions
are projected to a complex Gaussian distribution such that the
message passing is reduced to mean and variance calculation.
In other words, only expectations are retained to be iterated,
this method is denoted EPA [134]. EPA reduces the complexity
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order from exponential to linear as presented in Table V.
Simulation results showed that EPA receiver achieves nearly
the performance of a traditional MPA receiver with less
complexity [130]. The authors in [132] applied the Monte
Carlo Markov chain method to study the SCMA detection
problem, a new joint update parallel probability sampler was
introduced. EPA based detectors for MIMO-SCMA systems
were proposed in [131], [133].

The BP can be used to calculate the posterior probability and
consequently to iteratively detect SCMA signals. For instance,
BP based detector was proposed in [135] for uplink SCMA
systems. The authors studied the asynchronous transmission
case where signals from different users suffer from different
delays at the receiver, consequently new interferences caused
by the delay must be taken into consideration. Hence, decoding
is only possible when the entire signal sequence is received.
A Tanner graph illustrated the corresponding BP algorithm
before calculating the conditional probability. Also, a joint
factor graph representation of user activity detection, channel
estimation and data detection was proposed in [136], then a
BP based message passing algorithm is used after approxi-
mating its distributions by Gaussian ones with the minimized
Kullback-Leibler divergence.

Bethe approximation based message passing detection algo-
rithms were proposed for massive MIMO systems [137] and
SCMA systems [138], [139]. The idea is to avoid the high-
complexity direct marginalization of the posterior probability
of users’ symbols by finding its appropriate trail distribution
which is approximated by minimizing Bethe free energy.
The complexity of Bethe approximation based algorithm only
increases linearly with the number of users. To further improve
the performance, a damping scheme was employed.

The discretized message passing algorithm (DMPA) was
proposed in [140], [141]. The idea is to reduce the size of
the joint constellation on each FN by discretizing probability
density functions (PDFs) in the VNs. Actually, discretization
means approximating a given value by the nearest sampling
point where points are chosen according to a given sampling
interval. The message update is reformulated as a convolution
which is calculated by 2-dimensional fast Fourier transform
(FFT). This procedure will reduce the complexity of the ex-
haustive search on the signals from exponential to polynomial.

D. Sphere Decoding

One way to reduce the complexity of the SCMA maximum
likelihood detector is to restrict the space of codeword research
to a hyper-sphere centered around the received signal vector
as depicted in Figure 19, this technique is called sphere
decoding (SD) [142]. Several research works proposed how
to apply SD to SCMA detector [81], [96], [143]-[151] in
the aim of reducing the complexity while still providing good
performances.

A region-restricted detector with an improved Log-MPA is
proposed in [144]. The complexity is reduced by avoiding
unnecessary calculations when searching the superposition
constellation exhaustively, the proposed detector updates the
FNs only within a restricted search region while constellation
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Figure 19. Graphical representation of sphere decoding. The objective is
to reduce the space of superposed constellation point research to a hyper-
sphere of radius R centered around the received signal vector.

points outside the search region are neglected. A SD-based
MPA method proposed in [145] where the spherical search
zone in adjusted according to the noise power at the receiver.
However, SD-MPA suffers of high complexity in the low SNR
region and a probable performance degradation in the high
SNR zone. In [146] authors proposed a reduced-complexity
optimal modified SD (MSD) detection scheme for SCMA. The
proposed MSD achieves the performance of the optimal ML
detection with an average complexity compared to MPA as
shown in Table V. Another method to reduce the research
space before implementing the MPA is the list sphere decod-
ing (LSD) [81]. The authors exploited the fact that SCMA
codewords are basically complex lattice constellation points
to limit the research to a list of all the candidate lattice points
within a given radius around the received vector. This list can
be further reduced by eliminating some redundancy via some
node pruning techniques.

The authors in [150] proposed a modified single tree search
(MSTS) to obtain soft outputs for coded SCMA. The MSTS
algorithm tries to avoid the unnecessary node searching by
sorting channel matrix in ascending order, and by employing
a non-zero low bound Schnorr-Euchner enumeration, before
searching in order to reduce complexity during the search
stage. MSTS not only has lower computational complexity
than MPA based detectors but also keeps its performance level
close to that of MPA. One drawback of the aforementioned
methods is that they cannot support some of the non-constant
modulus constellations, that is why a a new improved SD
(ISD) method that can support any constellation topology was
introduced in [151].

Quantum computing is an emerging technology which can
be applied to solve some wireless communications problems,
it can especially enhance the performance and/or reduce the
complexity of some search problems [152]. In [96], two
quantum search algorithm-aided SCMA decoding methods
were proposed, namely, the quantum-assisted MPA (Q-MPA)
and the quantum-assisted sphere decoder based MPA (QSD-
MPA). The message updating in Q-MPA is accelerated by
exploiting the results of a quantum search which is applied at
the FNs. Then, the messages are updated in the two directions
as the classical MPA. In regards to QSD-MPA, the MPA is
preceded by a quantum search whose objective is to find
all legitimate codeword combinations within a given hyper-
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sphere.

E. Detectors for Channel-Coded SCMA

Each wireless link requires an error-correction channel
coding including turbo codes which was used in 4G systems,
and low-density parity-check (LDPC) codes and polar codes
which are adopted by the 5G NR standard [153], [154]. SCMA
detectors which include the error-correction codes structure
into their design began to gain more attention. For instance,
the LDPC code was employed as the channel coding scheme
for the SCMA system in [155], [156] while a polar-coded
SCMA was studied in [157]-[159].

In [155], the sparse factor graphs of LDPC coding and
SCMA are combined into a joint sparse graph in order
to jointly perform the decoding and the detection on one
graph. Then, MPA was simplified by using partial message
passing based on a joint trellis representation. Based on their
simulations, the authors showed that the joint approach is com-
patible with delay-sensitive applications since it reduces the
processing latency compared with disjoint turbo approaches.
Another approach was studied in [156] by optimizing the
interface between the SCMA detector and the LDPC decoder
which made a hardware solution feasible. The authors pro-
posed a minimum mean-square error with parallel interference
cancellation (MMSE-PIC) detection in the FN operations, and
a bit LLR values for message passing. In order to minimize
the hardware overhead and to reduce the processing latency,
both the proposed algorithm and very large scale integration
architecture are jointly designed.

In [157], a simple combination of MAP detector for SCMA
and a soft-input soft-output successive cancellation for polar
coding was studied. The architecture of the receiver was
adjusted by re-encoding the soft information of the polar code-
word. The reconstructed information is fed into the iterative
SCMA detection procedure which results in an additional
coding gain. A joint factor graph of SCMA detector and
polar decoder is employed in [158], and hence a joint iter-
ative message updating operation was introduced. The EXIT
charts based analysis provided a more understating of how to
optimize the polar-coded SCMA system. Especially, a weight
factor was conceived and optimized to mitigate the effect of
the correlation among the soft outputs of polar decoder.

It is not evident how to estimate the CSI for some practical
mMTC applications where short packets are essentially ex-
changed. That is why it is interesting to propose a joint channel
estimation and decoding for polar-coded SCMA. In [159], the
joint detection and decoding scheme is based on traditional
Max-Log-MPA detector for SCMA and soft-successive cancel-
lation list (S-SCL) algorithm for polar decoding. The S-SCL
provides the prior symbol probability for the SCMA detector
while SCMA detector calculates the prior information of the
polar decoder. The joint detection and decoding scheme is
serialized with a frozen bit error rate (FBER) mapper such
that the CSI is updated at each iteration. The iterative joint
channel estimation and decoding scheme is initialized with a
sparse Bayesian learning based channel estimation.
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F. Deep Learning based Detectors

Recent advances in deep learning allowed its application
in wide-ranging fields such as computer vision, healthcare,
speech, etc. Deep learning contributed also to advances in
some aspects of wireless communication systems as channel
estimation, automatic modulation recognition, spectrum man-
agement, network traffic prediction [160].

By the end of 2018, a big interest in deep learning based
NOMA schemes have been observed in the literature [161]—
[168] with the aim of enhancing multiple access performance.
Such approach can be reasonably considered, not only based
on deep learning breakthrough, but also based on the improve-
ment of the computational performance of wireless systems.
Gui et al. proposed, in their work [161], a supervised long
short-term memory (LSTM) based PD-NOMA where channel
states of multiple users are automatically tracked by the LSTM
network which can learn the environment via offline training. It
was proven that the LSTM-based framework is very suitable
for user activity and data detection of PD-NOMA systems.
In [162], a two user PD-NOMA scenario was considered, a
significant performance improvement of a deep neural network
(DNN) receiver over a conventional SIC is provided. Also,
a joint deep learning of the transmitter precoding and the
receiver decoding for downlink MIMO-NOMA was investi-
gated in [167]. In [168], the authors considered the application
of deep learning techniques, namely fully connected neural
network and convolutional neural network, for symbol-level
multi-user detection in Welch bound equality spread based
NOMA system, this NOMA scheme employs low-correlation
spreading signatures. The proposed deep learning based solu-
tion matches almost the ML detector performance.

In this survey, we are more interested in how deep learning
was applied to design SCMA detectors. Very recently, this
problem attracted some attention [169]-[174]. The aim is to
design a detector by offline training a DNN such that one shot
online non-iterative decoding is performed with a relative low-
complexity.

In [169], denoising autoencoders are used to jointly design
the encoder and the detector as shown in Figure 20. Hence,
one DNN generates the codebook automatically and must learn
how to efficiently map symbols to a complex constellation,
another fully-connected DNN decodes the received vector to
detect the symbols. The training is based on an end-to-end
objective function which must be minimized in order to min-
imize the BER. The training data is randomly generated with
a given corruption level. A similar approach is also studied in
[174]. However, the aforementioned detector can not be used
with any given codebook. That is why the proposition in [171]
studied only the detection problem independently from how
codebook is designed and generated. A sparsely connected
DNN was designed such that the propagation between two
of its layers is calculated based on how messages are passed
between FNs and VNs in traditional iterative MPA. The idea
is to unfold the factor graph iterations into the network layers
which results in sparse DNN. The simulated training data are
generated dynamically to have a different noise level at each
step. The same unfolding principle was studied in [170] in
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Figure 20. Structure of the SCMA autoencoder: a DNN with m nodes of input layer accepting binaries, and 2K nodes of output layer standing for the K-
dimensional complex codeword, represent the SCMA mapping process for one single user. Multiple DNNs are stacked together to form the SCMA DNN

encoder, another DNN is employed as a SCMA decoder.

order to propose a joint detection and decoding of channel-
coded SCMA systems. The channel coding is randomly gen-
erated and is included in the training procedure which makes
this proposition more suitable for practical applications.

A hybrid multiple access scheme was proposed in [173]
where OFDMA orthogonal resources are used for near users
and non-orthogonal SCMA based access is used for far ones.
Two deep learning-based detectors were proposed, one DNN
for near users detection, and the other is for far ones detection.
In the two cases, a standard DNN structure was offline trained
via a simulated data.

Data in NOMA based wireless systems will be more and
more complex and heterogeneous which requires to employ
powerful tools in order to inspect them and to detect the trans-
mitted bits. This means that the deep learning based solutions
will be increasingly attractive. However, there are still some
challenges that must be overcome before the deep learning
based NOMA systems become reality. Firstly, despite the fact
that existing propositions enhance the NOMA performance but
this come at the expense of high computational complexity
which represents a major issue. Moreover, the optimal neural
network, in terms of architecture, depth, number of parameters
and training data and methods, is still a subject of research.
Some perspectives and open directions of research will be
discussed later in Section VII.

G. MIMO-SCMA Detectors

A straight-forward extension of SCMA factor graph to
multiple-antenna case makes the number of resource nodes
proportional to the number of antennas, this means that the
complexity will respectively increase exponentially. Several re-
search works try to overcome this difficulty [127], [129], [131],
[133], [175]-[178]. Figure 21 represents a block diagram of

an uplink MIMO-SCMA system when spatial multiplexing
techniques is applied.

In [176] partial-decoding MPA was proposed, this method
tries to remove redundant combinations at FNs to reduce
decoding complexity, however, it still suffers from the expo-
nential term in complexity. [131] introduced a stretched factor
graph representation for MIMO-SCMA systems which enables
the design of a hybrid BP and expectation propagation (EP)
receiver that includes a channel decoder. Despite the relative
low complexity of the stretch-BP-EP algorithm, its main short-
coming is that it can not be applied to user terminals which
are equipped with multiple antennas. In [178], a minimum
singular value estimation of the channel matrix is used to
separate the resources into two categories according to the
channel condition at each resource. Then, a low-complexity
jointly Gaussian algorithm is applied to the well-conditioned
resources, while the ML approach is used with the resources
with bad-conditioned channel. This will allow a certain trade-
off between performance and complexity when compared to
the MPA detector. A similar approach based on an antenna-
subcarrier subset selection was introduced in [127], the selec-
tion method is based on the channel norms. Furthermore, the
MIMO-SCMA factor graph can be partitioned into subgraphs
by a QR decomposition of the channel matrix such that the
number of resource nodes depends only on the number of users
sharing each resource, dy, this can reduce the complexity of
messages calculation [175]. Unlike the later research work,
the authors in [133] associated the QR decomposition with
EPA and consequently they proposed a sparse-channel-based
EPA (SC-EPA), the SC-EPA intends to reduce the complexity
by modifying the factor graph to create resource clusters,
by exploiting the channel sparsity and by proposing a high-
parallelism message passing technique. The effect of channel
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Figure 21.

estimation errors on the SC-EPA performance was studied, it
seems as robust as other existing methods.

An outer-loop iterative structure based receiver for joint
MIMO and multi-user detection was proposed in [177]. Au-
thors introduced a basic-switching sliding window to separate
users into active and silent ones during each iteration of the
process such that only active user messages are exchanged dur-
ing each inner-loop iteration of MPA. The Gaussian approxi-
mation was also used to further enhance the performance. This
process guarantees the complexity reduction and the fairness
among users since different users are activated for each outer-
loop iteration. This method is called partially active message
passing algorithm (PA-MPA). The former research work was
extended in [129] where two GA-MPA methods were proposed
to perform joint multi-user and MIMO detection. The first
method updates the symbol likelihood ratios and it is denoted
GA-MPA-S, while the second one, GA-MPA-B, is performed
on the bit level. The Gaussian approximation results in some
performance loss, the authors proposed to mitigate its effect
by introducing a damping factor to compress the extrinsic
information of each step of the outer-loop structure, namely the
GA-MPA detector and the channel decoders. The complexity
of proposed methods in [129] is linearly related to dy and the
number of antennas.

VI. SOME OTHER SCMA ASPECTS

In the above sections, we presented existing works on
SCMA codebook and detector designs. Some other aspects
will be covered in this section. We will first highlight existing
radio and computing resources allocation strategies for SCMA
systems. Afterwards, a review of SCMA implementation ar-
chitectures, experiments and prototypes is introduced. Finally,
the interplay between SCMA and other existing and emerging

Block diagram of an uplink MIMO-SCMA system with Ny = 2 transmit antennas and ;- = 2 receive antennas.

Table IV
KEY PARAMETERS IN COMPLEXITY ANALYSIS
‘ Parameters Description

Ny Number of transmitter antennas

N, Number of receiver antennas

K Spreading length (number of REs)

N Codebook sparsity degree
Niter Total number of iterations

M Codebook size

M,y Number of projection points on the constellation

dy Degree of signal superposition on a given resource element
ds Maximum degree-of-freedom allowed in SIC-MPA receiver

J Number of users
NoL Number of outer loops for MIMO-SCMA detection
Ny, Number of inner loops for MIMO-SCMA detection
Ny1 Average number of visited layers for Type I (ISD method)
Ny2 Average number of visited layers for Type II (ISD method)

s Sparsity level at the current iteration

PR Pass rate (ratio of removed combinations to all combinations)

technologies will be investigated. The organisation of this
section is illustrated in Figure 22.

A. Resource Allocation

In literature, several works [179]-[181] was proposed to
calculate the provision of users’ data. Such as in [179],
each RE is allocated to a cluster of users that share the
same frequency resources in a NOMA-based system. Also,
in [180], [181], authors considered associating IoT devices
based on application requirements and resources availability.
Each associated device is allocated to one RE with constant
computing speed such that the computing resources of each RE
were considered to be shared equally among all IoT devices.
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Table V

REVIEW OF EXISTING SCMA DETECTOR DESIGNS

DL = DOWNLINK, UL=UPLINK, SISO = SINGLE-INPUT SINGLE-OUTPUT, SIMO = SINGLE-INPUT MULTIPLE-OUTPUT, MISO = MULTIPLE-INPUT SINGLE-OUTPUT,
ONLY DOMINANT PART OF COMPLEXITY ORDER IS CONSIDERED, NOTATIONS ARE DEFINED IN TABLE IV,

\/ — ASSUMED TO BE KNOWN, X — ASSUMED TO BE UNKNOWN.
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Reference Y Approach csl Add & Mult Complexi Descripti
ear pproac| Scenario ult Complexity escription
Type Authors
. Joint use of SIC and MPA. Only active users per RE are
Zou et al. [112] 2015 SIC-MPA SISO 4 Neglected &d considered. Specific constellation design is needed to be
DL O(Nier Nr K Mp* ) empl
ployed.
3 . . .
Zhang et al. 2016 DMPA SISO N O(d3in(dy)) & Requires a small dy which limits the choice of codebook.
[140], [141] 2018 O(d*jcln(df)) Based on PDF discretizing and FFT in VNs.
Threshold- Users are divided into two groups based on the codeword
Yang et al. [116] | 2016 bz;sed SISO v O(N,,C,JNM"ffldf) & reliability which is integrated in the iterative process.
2 . MPA UL O(2Niter JN M5 dy) Inconvenient : loss of posterior information of users using the
same RE.
. Max-log- SISO O(2KM dy)) & Approximating the logarithm of a sum of exponential
Qi et al. [108] 2017 MPA UL v 0 operations into a maximum operation.
Log-MPA adds a correction term to MAX-log-MPA. The
T(Mdr—1 _ g g
Tian et al. [144] | 2017 | Improved | SISO v ORIM(M D) & authors improved Log-MPA by updating the FNs only within
Log-MPA DL 0 o ’ H
a restricted search region.
MIMO O(N Nier (M — 1)Mdf*1d§ .PR) Removing redundant combinations while updating the VNs.
Wu et al. [176] | 2017 | PD-MPA UL v & Neglected Based on Log-MPA.
" Approximated priori probability transforms the vector
Hua[rigzﬁe]t al. 2017 | GenA-MPA MS\EO Vv o /Kl\iccle;;ejj &Md y estimation problem into a scalar one, it is suitable for
€ + werMp?”) hardware implementation.
Huang et al. 2017 SIC-GenA- MIMO V Neglected & Extends GenA-MPA by eliminating the calculated user layer,
[126] MPA UL O(JK? + N;[E,M;,lf) the complexity is reduced.
. A lookup table is introduced to substitute the information
Dai et al. [111] 2017 I\S/ISS-II\/I/II;IZ SLIJSLO 4 N;)Itoflze(éﬁ;(: d& calculation. SS-MPA jointly updates the message at FNs and
P VNs. MS-MPA executes different updates in parallel.
g SISO Signifi lexi Joint f: h for SCMA and LDPC ch 1 decodi
= - 3 gnificant complexity oint factor graph for an channel decoding.
> Lai et al. [155] 2018 LDPC-MPA UL 4 reduction MPA was simplified by using partial message passing.
<3
% . The detector is divided into two phases : MPA with few
a Not specified & . . . .
iy Gao et al. [113] 2018 CS-MPA SISO 4 ) 2, .3 iterations followed by a sparse error correction. The main
g 8K +3KN +2Ns? +s PAoE =
2 complexity lies in MPA.
(e}
g Not specified & Updates the probability of user output codeword immediately
s Han et al. [114] 2018 Serial MPA SISO 4 Nolz ccified when the information of one of its corresponding FNs is
P updated. EXIT charts are used to analyze MPA performance.
An outer-loop iterative process for joint MIMO and multi-user
Dai et al. [177] 2018 PA-MPA MLI%O X o( NNB]%]]QC{ZB? N{L 27) detection. A basic-switching sliding window to separate users
OLANIL Zin=1 into active and silent ones during each iteration.
Not The codewords of a given number of chosen users are
. SISO o O(M¥ NJ(Nier — 1)) & determined after a predefined number of iterations. Only the
Jia et al. [121] 2018 PM-MPA UL b[;:;il_ O((Niter(dy — 1) M4 N J) message of the undetermined users are updated in the
remaining iterations.
Trellis representation is introduced by mapping SCMA
Lai et al. [122] 2018 EML-MPA SIIJSLO v Ntzgl;/[ctsrd & constellation to a Galois field. A truncated-messages based
(Mp7) detector is based on selecting the most reliable messages.
SISO The cost function is calculated | Algorithm-aided MPA is accelerated by exploiting the results
Ye et al. [96] 2019 Q-MPA UL v o ( M s'l"*'l; times of a quantum search which is applied at the FNs.
. ) This method updates messages in an edge by edge way such
Edgewise SISO O(Kdg|(dg + )M — M)) & . L ee LS .
Ma et al. [115] 2019 serial MPA UL 4 O(Kdy M (2d; +1)) as a more reliable extrinsic information is used in a balanced
manner.
MPA with flexible number of iterations. The iterative process
. SISO Not specified & continues until the codeword convergence rate is higher than
Shi er al. [124] 2019 Log-MPA UL 4 Not specified a threshold. A balance between BER and complexity can be
achieved.
Gaussian-approximation based MPA. GA-MPA-S updates the
Dai et al. [129] 2019 GA-MPA-S MIMO % Neglected & symbol likelihood ratios and GA-MPA-B is performed on bit
. GA-MPA-B UL O (2Njerd g M) level. Complexity was pulled down from exponential to linear
order.
Dynamic trellis based message passing algorithm is proposed
SISO O(KM%rdy) & such as the truncation is dynamically decreased as the
Peng et al. [123] 2020 EML-MPA UL 4 O(KM% (d r+2) iterations progress. A channel adaptive version of this
algorithm is also introduced.
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Reference . _—
Year Approach Scenario CSI Add & Mult Complexity Description
Type Authors
This method is based on approximate Bayesian
Meng et al. SIMO » . interference. Instead of continuous exponential terms,
[130] 2017 EPA UL 4 O(Nier Ny K Mdy) message passing is reduced to mean and variance
calculation of approximate Gaussian distributions.
Stretched factor graph representation that enables the
o Stretch-BP- MISO ' design of a hybrid BP and EP receiver with channel
§ Yuan et al. [131] 2018 EP DL x ONiter(Ne + ) decoder. It can be only applied to user terminals with
g single antenna.
8 . The authors proposed a Monte Carlo Markov chain
a
o Chen et al. [132] 2018 Bayesian SISO V4 O(N(dy + M)) & based SCMA detection algorithm. A new joint update
o} Interference UL O(MNdy) oS .
g parallel probability sampler is proposed.
g QR decomposition is combined with EPA which
“ allows to exploit the channels sparsity. A
Wa?]g%% al. 2020 SC-EPA M[IJ¥O v O(Nd I\]I\«;gle(zt;d f 5Mp)) high-parallelism message passing technique is
o f Per (DA P proposed. The effect of channel estimation errors is
studied.
Space restriction of codeword research to a
. hyper-sphere centered around the received signal
d
Yang et al. [145] 2017 SD S[IJSLO Vv O((?I((%\f;ffl\(/{j Ii‘g{')) whose radius is adjusted according to the noise power
'’ at the receiver. Method with high complexity in the
low SNR region.
Wiaa . | s | pp | S50 | | ounuemnm e | T e s of e g
[143] 2017 UL Neglected points 128
received vector.
Vameghestahba- Based on a modified tree search method. Using the
(é nati et al. 2017 MSD SIIJSLO Vv Oé((ﬁﬁ ++2 )QJ)V],\,; ++2 12\/],\,]2) )& Tikhonov regularization to facilitate applying SD to
g [146] ! vl v2 SCMA systems.
‘rg Modified single tree search avoids the unnecessary
& Li et al. [150] 2018 MSTS SISO V Lesser number of cost function | node searching by somng channel matrix in ascending
8 UL calculations order and by employing a non-zero low bound
3 enumeration.
SISO The cost functjon is cglcill ted A quantum search is used to identify all possible
Ye et al. [96] 2019 QSD-MPA N4 less than O s]VIpf codeword combinations within a given hyper-sphere,
UL . . . e .
times thereafter MPA is applied on identified points only.
Var::tgiheetst(:jlhba— 2019 1SD SISO v O((4dy 4+ 2)Ny1 + 2Ny2) & This method extends the MSD one to support any
[151] ’ UL O((4ds 4+ 2)Ny1 + 2Ny2) arbitrary regular or irregular constellation topology.
LDPC The interface between the SCMA detector and the
- SISO LDPC decoder is optimized such as a proof of
Sun et al. [156] 2019 coded UL v O(660NiLNoL) concept was implemented using 40nm CMOS
SCMA
technology.
o Iterative joint channel estimation and decoding
=3 . Polar-coded SISO scheme is proposed where Max-Log-MPA and S-SCL
=3 rd prop g
2 Jiao et al. [159] 2020 SCMA UL x O(NierJdg M7T) algorithms are used, respectively, for SCMA and polar
! decoding.
E A DNN was designed such as the propagation
Deep SISO . between two of its layers is calculated based on how
o
2 Lu et al. [171] 2018 learning UL X Not specified messages are passed between FNs and VNs in
% traditional iterative MPA.
@ Dee SISO Autoencoders are employed to automatically design
Lin ef al. [174] 2020 learnilrJl UL X Not specified SCMA codebooks and construct the corresponding
& detetor through AWGN channels.

It is important to remind that one of reasons behind using
SCMA to accommodate the massive connectivity for IoT
systems, comes from the scarcity of frequency resources.
Moreover, SCMA can improve network connectivity and max-
imize data rate provision [182], [183]. In other studies [70],
[71], [184], [185], SCMA parameters were investigated both
to reach the high quality of experience (QoE) requirements of
IoT devices, and to explore the various performance aspects
such as connectivity, throughput, task completion time, and
complexity. Therefore, it is important to fit with the specific
needs of each particular device to maintain satisfactory QoE
in terms of computing and radio resources allocation. Thus,
adaptive SCMA schemes with flexible resource scheduling
were proposed in [72], [73], [184].

The problem of data rate provision, based on SCMA re-

source management, while still satisfying the delay require-
ments of IoT devices is formulated as data rate maximiza-
tion problem in [185]-[190]. The appropriate solution was
to divide the non-convex problem into three subproblems:
1) power allocation subproblem, where each BS undertakes
power optimization of associated users, 2) codebook assign-
ment subproblem, in which every user is associated to a
codebook that provides the highest data rate considering the
combined effect of all subcarriers within that codebook, and
3) joint power allocation and codebook assignment problem.
In the following we highlight these subproblems with their
suboptimal proposed solutions.

Power Allocation Subproblem: A majority among SCMA
studies adopted the uniform power distribution scheme, which
is the simplest method of power allocation. Assuming that the
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VI. SOME OTHER SCMA ASPECTS
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Power allocation subproblem
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-» B.SCMA Implementations

R C. Interplay between SCMA/Other Technologies

Millimeter wave communications
Cooperative communications
Cognitive communications
Physical layer security
Energy harvesting
Spatial modulation

Visible light communications

Figure 22. The organization and structure of Section VI.

total transmit power is P®? and the power allocated to each
subcarrier k is ptot
Be="5
where K is the number of subcarriers. The ergodic system
capacity can be calculated as

®)

Ptot

Mz ©)

C=KE N

logy | 1+
where hj denotes the channel gain of the associated subcarrier
k. The fact that the power is equally distributed means that
the channel state is not taken into account, this is not optimal.
However, when the CSI is known at the receiver, the water
filling algorithm [191] seems to be an appropriate solution
in terms of system capacity. The idea is that when CSI
differs across users of an orthogonal multiple access based
communication system, the system capacity can be maximized
based on the water filling algorithm under the assumption
that the transmission power is limited. Thus, with perfect
knowledge of the users’ channel states equation (8) becomes,
(- 59)
P,=max|vy——,0),1<k<K, (10)
No

where ~y is a constant that is determined by the power con-
straint condition and that makes the total transmission power
equal to 1 | P, = P, The ergodic system capacity is then

given as,
K
hi Py
C=E ;log2<1+ Ny >

(1)

Nevertheless, the water filling algorithm still can not be
applicable to NOMA systems since it can not guarantee
the system fairness and it can even prevent some users to
communicate with the BS. Motivated by these issues, a power
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allocation scheme that ensure users’ fairness for multi-user
SCMA downlink systems is proposed in [186] using a low-
complexity polynomial algorithm in order to enhance the
performance compared to the equal power allocation scheme.
Later, a maximum capacity power distribution scheme is pro-
posed in [190] in order to maximize the system capacity and
to satisfy users’ minimum rate requirement through three-level
power allocation model consisting of single-user subcarrier,
intragroup and intergroup power allocations.

Codebook Allocation Subproblem: Here, we want to explain
how codebook allocation was introduced in some of existing
works [187]-[189]. In [187], the REs were assigned to users
based on their CSI, this process is considered as codebook
assignment since it will define the factor graph matrix. A com-
parative study among three codebook assignment methods was
proposed. The first one is fixed user order (FUO) algorithm
where users are sorted in a fixed arbitrary order. A group of
N subcarriers with larger gains is selected among all available
subcarriers and assigned to the first user. Then the procedure
is repeated for the next one until all users are assigned to their
corresponding subcarriers. The serial scheme of this method
limits the system performance. To tackle this issue, instead
of sorting users arbitrarily, an opportunistic assignment (OA)
algorithm is proposed. That is the first user is set as the one
with the best overall quality of subcarriers’ gains based on
a specific metric such as the root mean-square of subcarrier
gains for instance. The rest of the process is similar to FUO.
Despite of its better performance compared to FUO, OA
method may not provide an acceptable fairness in terms of
individual user’s BER even when providing the best overall
average BER. Motivated by this issue, proportional fairness
(PF) assignment method can be an appropriate solution. Each
user’s current CSI as well as a history of several past CSI
values are employed as performance and fairness indicators in
order to provide the necessary trade-off based on a priority
function such that the user has the priority only when the past
CSI values have not been ranked highest among all users.

Other resource allocation strategy for downlink SCMA was
studied in [188], namely largest weighted delay first method
which represents an improved version of classical PF one. This
method is associated to a priority function for each subcarrier
which takes into consideration time delay of data packets,
traffic priority and CSI of each user. Furthermore in [189],
the SCMA resource allocation process is decomposed into
two steps: codebook combination and codebook allocation.
Firstly REs are combined into as many high-quality codebooks
as possible based on users’ CSI. Then, user equipment’s are
assigned to the combined codebooks based on coalitional game
which aim is to maximize the intra-group fairness.

Joint Power Allocation and Codebook Assignment Subprob-
lem: In addition to various propositions to enhance resource
management using power allocation or codebook assignment
schemes, several research works, such as in [185], [192]-
[194], proposed a joint power and codebook assignment.

In [194], an iterative jointly codebook and power assign-
ment algorithm, which prioritizes the energy efficiency, was
formulated. The algorithm was divided into two subproblems.
Firstly, codebooks are assigned under a given power alloca-
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Figure 23. An example of mapping relationship among users, codebooks,
and subcarriers in [72]: the number of REs is 6, the number of available
codebooks is 9, the number of active users is 4, and d F=3.

tion and then the power is allocated under given codebook
assignment. The energy efficiency is maximized by alternately
iterating through the two phases. Also, a SCMA scheme for
edge computing was proposed in [185]. The aim was to
maximize the data rates, under the maximum power constraint
of the BS, using SCMA based heterogeneous networks. This
objective is reached by solving two allocation problems. A
power allocation problem, which can be solved using the
water filling technique, and a codebook allocation problem
resolved by assigning codebooks with the highest signal to
interference plus noise ratio to SCMA users on a first-come-
first-serve basis. Furthermore, subcarrier reuse constraints was
also investigated in [192].

Other codebook assignment strategies were proposed with
the aim of assigning multiple codebooks for each user [72],
[195], [196] or reusing the same codebook by different users
[197]. For instance, the research work in [72] focus on the
energy saving problem in the uplink and downlink SCMA
systems based on a cross-layer approach which takes into ac-
count the user features, i.e. quality of service requirement and
channel state. The authors introduced the codebook assignment
matrix, S, where [S] i = 1 if codebook i is assigned to user
Jj otherwise [S]; ; = 0 as shown in Figure 23. The idea is
to try to optimize, at the same time, the factor graph matrix,
the codebook assignment matrix and how power is allocated.
The formulated problem is an integer linear program that is
NP-hard. It was solved in a direct way using dual coordinate
search, i.e. by using weighting coefficients that can coordinate
the codebook assignment among users, this is considered as a
Lagrangian relaxation of the original problem. This method
avoids the relaxed linear program as an intermediate step
which reduces the computational complexity significantly.

B. SCMA Implementations

Several hardware implementation strategies of SCMA de-
tectors exist in the state-of-the-art [108], [120], [156], [198]-
[200]. A fixed-point implementation of the Log-MPA was
studied in [198], the results were verified via an Altera Stratix
V FPGA evaluation board. A thread-based parallelism method-
ology was introduced in [108] to implement the iterative Max-
Log-MPA, a simulation via a NVIDIA TITAN X (Pascal)
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and CUDA was performed. A stochastic computing based
SCMA detector is proposed in [200]. The idea is to simplify
the complex computations by representing the numbers by
random bit streams. The authors proposed a new bit stream
generator before designing stochastic FN update and stochastic
VN update. The designed detector was also synthesized with
SIMC 65 nm CMOS technology. In [120], [199], a stage-level
scheduling optimization and folding techniques were proposed
in order to conceive a hardware architecture of the Max-Log
deterministic MPA. The proposed detector was implemented
on Xilinx Virtex-7 XC7VX690 T FPGA. The first application-
specific integrated circuit which supports multi-user iterative
detection and decoding for LDPC-coded SCMA systems was
introduced in [156]. A proof of concept was implemented
using 40nm CMOS technology, a throughput of 1.198 Gb/s
and 599 Mb/s for 4 x 6 and 8 x 12 SCMA systems was,
respectively, achieved.

C. Interplay between SCMA and Other Technologies

SCMA can be flexibly combined with many existing
wireless technologies and emerging ones including massive
MIMO, mmWave communications, cognitive and cooperative
communications, visible light communications, physical layer
security, energy harvesting, spatial modulation, and so on. In
this subsection, we present the interplay between SCMA and
the above technologies which can further increase scalability,
spectral efficiency, energy efficiency, and greenness of future
communication networks.

o Millimeter wave communications: Due to the high data
rate requirements of future wireless networks, the com-
munication at mmWave bands (30 GHz to 300 GHz)
has been subject to intensive research during the past
decade [201]-[205]. However, since mmWave channels
are sparse in spatial domain, the number of simultaneous
connections at these very high frequencies has shown
to be limited. Motivated by this issue, Thang er al
highlighted the coexistence of SCMA and mmWave in
[204], [205] where SCMA was introduced with beam-
space mmWave MIMO systems for high SNR regions.
However, it is worth noting that the number of supported
users cannot be larger than the number of radio frequency
chains in hybrid MIMO architecture.

o Cooperative communications: The main idea of coop-
erative communications is to share well the resources
among different nodes of the wireless network in order
to improve its total throughput. With different relaying
schemes, device-to-device communication, and multi-cell
cooperative transmission, SCMA and cooperative com-
munications are merged together [206]-[208]. A novel
two-tier downlink cooperation system with limited re-
quirements on synchronization was proposed in [206]
where SCMA scheme is seen as a suitable technique
for the lower tier of multi-cell transmission to achieve a
multi-site distributed cooperation. Moreover, relay-aided
SCMA recently attracted considerable attention for its
great promise in improving spectral efficiency and user
fairness. An optimization of resource allocation in dual-
hop relay-assisted uplink SCMA network was proposed
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in [207] where user equipment transmits information to
a relay station via SCMA codebook assignment and then
the relay station amplifies-and-forwards the information
to the base station through OFDMA subcarrier pairing.
Cognitive communications: Cognitive radio promises a
great potential for spectral efficiency and has been un-
der investigation for more than two decades. However,
SCMA was applied to cognitive radio networks to in-
crease the number of users and further increase the
spectral efficiency [203], [209], [210]. In [203], cognitive
radio capabilities were enabled for SCMA systems oper-
ating in mmWave bands by sensing the spectrum holes
and adapting the transmission. In [210], a centralized
cooperative spectrum sensing scheme is employed to
detect the primary users in SCMA systems. Log-MPA
detector calculates the soft information which is then
passed to a fusion center where the Wald-hypothesis test
is employed to decide on the presence of a primary user.
Physical layer security: Physical layer security tech-
niques exploit physical characteristics of wireless com-
munication channel, for instance noise, fading, and in-
terference, to guarantee secure communications directly
at the physical layer [211]. However, a little research
is conducted in the case of large number of users, and
limited power and frequency resources. That is why [212]
proposes a physical security scheme for SCMA-based
systems in order to optimize power allocation, security
capacity and number of users. In [213], employing ran-
domized codebook generation method based on random
angles extracted from channel phases can ensure the
security of downlink SCMA but requires the knowledge
of CSL

Energy harvesting: Energy harvesting communications
is an essential enabler of green self-sufficient and self-
sustaining communications [214]. In order to control har-
vested energy from ambient radio frequency electromag-
netic signals, a combination of SCMA and energy har-
vesting communication is proposed in [193], [215] where
a trade-off between data rate and energy consumption
of SCMA networks is investigated when wireless power
transfer is employed. The authors formulated a weighted
rate and energy minimization optimization problem while
jointly considering power allocation, codebook assign-
ment and power splitting.

Spatial modulation: Spatial modulation provides a trade-
off between spectral and energy efficiency. It is based on
a simple appealing design which consists in implicitly
transmitting some additional bits through the indices
of active antennas [216]. Spatial modulation aided by
SCMA was recently proposed in [217]-[220]. The prin-
ciple is that the explicit bits of each user are mapped
directly to a codeword drawn from a specific codebook
[218]. The authors in [217] derived the best a posteriori
detector based on which they develop a reduced com-
plexity MPA-aided detector. The previous works require
an integer power of two transmit antennas, this drawback
was rectified in [219] by introducing a rotational gen-
eralized spatial modulation-SCMA system, the authors’
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work was extended in [220] where three low-complexity
detection algorithms were proposed.

o Visible light communications: The visible light communi-
cations are suitable for solving spectrum congestion and
scarcity issues by shifting transmission frequencies from
conventional radio frequency ranges to the visible light
range [221]. To provide an efficient way to handle the
available resources in multi-user scenarios, the interplay
between SCMA and visible light communications has
been recently studied [222]-[227]. For instance, in [226],
[227], SCMA codewords are superimposed in the color
domain where transmit antennas become light emitting
diodes and receive antennas become photodetectors, this
will minimize error propagation when compared to PD-
NOMA.

VII. DISCUSSION AND OPEN DIRECTIONS OF RESEARCH

Existing SCMA schemes are capable of improving the spec-
tral efficiency of wireless systems based on non-orthogonal
resources sharing. SCMA mechanisms are designed to facil-
itate the support of massive connectivity and are considered
as potentially promising multiple-access candidate for future
generations. However, there are still numerous challenging
problems to be solved. Hence below some of the key chal-
lenges of SCMA will be identified, along with opportunities
and future research trends addressing these challenges.

e MIMO-SCMA: Few existing works studied MIMO-
SCMA systems [129], [131], [133], [177], [178], however
it will be useful to extend these works to further ex-
amine the MIMO-SCMA detection problem by applying
techniques like sphere decoding or advanced search algo-
rithms for instance. Furthermore, some extensive research
is needed to investigate the interplay between SCMA and
some other MIMO aspects, for instance space-time block
coding, beamforming, massive number of antennas, etc.

o Joint all-in-one signal detector: The joint channel-coded
SCMA detectors and the joint MIMO-SCMA ones were
reviewed in Subsections V-E and V-G respectively. It is
promising to extend this effort to conceive joint all-in-one
signal detector. That is to propose a joint factor graph of
MIMO, polar/LPDC decoder and SCMA detector, and
all-in-one algorithm to exploit this factor graph. To the
best of our knowledge, this matter is not yet studied.

e Deep Learning: One solution for SCMA codebook de-
sign and/or signal detection is to exploit machine learning
techniques and more specifically deep learning which
proposes several efficient tools. For the time being, this
axe of research was rarely studied [169]-[173], that is
why it is deemed as promising and attractive. Some deep
architectures such as deep convolutional neural networks,
recurrent neural networks and Bayesian neural networks
are yet to be associated to SCMA, this requires some
investigations. In addition, deep reinforcement learning
is never used in the SCMA case, this mechanism can op-
timize the performance of SCMA detectors. Furthermore,
existing works employ simulated data for training which
is not ideal, therefore it is important to collect a large
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amount of real SCMA data in order to build a training
database which allows a more powerful offline training.
However, the offline training can be aided by an online
training which is based on transmitting some pilot signals
in real-time, this is a significant research issue for the
future.

Channel estimation: Most of the aforementioned SCMA
detection methods assume the perfect knowledge of CSI
which is not realistic and will lead to performance degra-
dation, this problem can be overcome either by studying
the effect of CSI estimation errors [133], or by carrying
out a joint channel estimation and data decoding methods
[136], [159]. The impact of CSI estimation errors on
the performance of existing algorithms must be further
evaluated such that a fair comparison among them will
be feasible, and new improved ones must be proposed if
necessary.

Synchronisation: Existing SCMA detectors assume a
perfect synchronisation at the receiver which it is not
realistic. This can lead to some performance degrada-
tion especially in the SCMA uplink systems [135]. For
instance, a delayed signal from a user will disturb the
message exchange in MPA based detectors. An additional
effort must be dedicated to proposing a more robust
detectors which can cope with synchronisation problems.
o Adaptive SCMA: In regular SCMA, the users are uni-
formly served which it is not optimal since it will be more
practical if the SCMA systems can be differently adapted
to users needs and their channel states for instance. Ex-
iting works on adaptive or irregular SCMA are reviewed
in III-B, however this area must be further explored to
propose some tailored codebook designs and especially
tailored detectors for adaptive SCMA systems.
Peak-to-average power ratio. Few papers studied the
problem of high peak-to-average power ratio of SCMA
systems which leads to signal distortion. One solution is
proposed in [228] which consists in applying a clipping
technique. However this produces an extra noise which
will be added to the AWGN, the clipping noise charac-
teristics were analysed such that the MPA detector can
be modified to integrate the two noise types and an extra
performance degradation can be avoided. This problem
must be further investigated.

Implementations: A quick glance on existing SCMA
implementations shows that the case of MIMO-SCMA
systems was not studied which will be required to hope
that SCMA can be integrated in the future wireless
telecommunication systems.

Reconfigurable intelligent surface: The emerging tech-
nology of reconfigurable intelligent surface (RIS) for
wireless communications can be employed to effectively
control the radio propagation environment by adjusting
the signal’s waveform parameters, for instance, phase and
amplitude, based on configuring some low-cost reflecting
elements [229]. The applications of the RIS technique
in PD-NOMA systems was recently introduced in [230],
[231]. On the other hand, its application in CD-NOMA
systems is not yet examined except to one research
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work in which the authors proposed RIS-assisted SCMA
system [232]. The interplay between RIS and NOMA,
especially SCMA, must be further investigated.

o Hybrid multiple access: Subsection II-B listed existing
SCMA based hybrid multiple access schemes. Perfor-
mance analyses of the proposed hybrid schemes are
satisfactory such that these schemes can be considered
as suitable candidates for next generations of wireless
systems. However, this will not be possible if some addi-
tional work is not done to design robust low-complexity
joint detectors which take into consideration the realistic
impact of channel state. Furthermore, one interesting per-
spective is to study users clustering into groups such that
orthogonal codes are employed for inter-group separation
while SCMA codebooks are used inside each group.

VIII. CONCLUSIONS

This survey hopes to be a useful review of the state-of-the-
art of SCMA techniques. SCMA encoder and detector designs
were first comprehensively presented. Afterwards, we provided
essential elements on some other SCMA aspects as resource
allocation, its interplay with some other technologies, and
existing prototypes. However, for deeper understanding of the
details of each point in this survey, the reader is recommended
to further study the original papers and documents.

APPENDIX

To better illustrates SCMA mapping, a numerical example
of complete SCMA codebooks, as described in [91] and
depicted in Figure 11 and Figure 13, is provided in the
following.
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THE 2-DIMENSIONAL CODEBOOKS WITH 4-CODEWORDS,
GENERATED FOR J = 6 USERS, AS DESCRIBED IN [91].
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