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ABSTRACT | Driven by the rapid escalation of the wireless
capacity requirements imposed by advanced multimedia
applications (e.g., ultrahigh-definition video, virtual reality, etc.),
as well as the dramatically increasing demand for user access
required for the Internet of Things (IoT), the fifth-generation
(5G) networks face challenges in terms of supporting large-
scale heterogeneous data traffic. Nonorthogonal multiple
access (NOMA), which has been recently proposed for the third-
generation partnership projects long-term evolution advanced
(3GPP-LTE-A), constitutes a promising technology of addressing
the aforementioned challenges in 5G networks by accommodating
several users within the same orthogonal resource block. By
doing so, significant bandwidth efficiency enhancement can be
attained over conventional orthogonal multiple-access (OMA)
techniques. This motivated numerous researchers to dedicate
substantial research contributions to this field. In this context, we
provide a comprehensive overview of the state of the art in power-
domain multiplexing-aided NOMA, with a focus on the theoretical
NOMA principles, multiple-antenna-aided NOMA design, on the
interplay between NOMA and cooperative transmission, on the
resource control of NOMA, on the coexistence of NOMA with other
emerging potential 5G techniques and on the comparison with
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other NOMA variants. We highlight the main advantages of
power-domain multiplexing NOMA compared to other existing
NOMA techniques. We summarize the challenges of existing
research contributions of NOMA and provide potential solutions.
Finally, we offer some design guidelines for NOMA systems and
identify promising research opportunities for the future.

KEYWORDS | Cooperative communication; fifth generation
(5G); multiple-input-multiple-output (MIMO); nonorthogonal
multiple access (NOMA); power multiplexing; resource allocation

I. INTRODUCTION
A. Brief History of Wireless Standardization

Following the pioneering contributions of Maxwell
and Hertz, Marconi demonstrated the feasibility of wire-
less communications across the Atlantic at the end of
the 19th century. By 1928 this technology became suffi-
ciently mature for the police, the gangsters as well as for
the rich and famous to enjoy tetherless communications.

An early European development was the Swedish
Mobile Telephone System introduced in 1957, which sup-
ported 125 users until 1967. In 1966 the Norwegian sys-
tem was launched, which operated until 1990. Following
these, the 1980s led to the rollout of numerous national
mobile phone systems, most of which relied on analog
frequency modulation and hence were unable to employ
digital error-correction codes. Consequently, their ability
to exploit the radical advances in digital signal processing
remained limited. Hence, the achievable speech quality
was typically poor, especially when the mobile station
(MS) roamed farther away from the base station (BS).

Hence, during the 1980s, the member states of the
European Union launched a large-scale cooperative
research program, which led to the standardization of
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the second-generation (2G) system known as the global sys-
tem of mobile (GSM) communications. GSM was the first
digital international mobile system, which rapidly spread
across the globe. The success of GSM shows the sheer power
and attraction of global standardization, motivating compet-
itors to line up behind a common worldwide solution.

Shortly after the ratification of GSM, a number of other
digital standards emerged, such as the Pan-American digital
advanced mobile phone system (D-AMPS) and the direct
sequence code-division multiple-access (DS-CDMA)-based
Pan-American system known as IS-95. IS-95 also had an
evolved counterpart, namely the Pan-American cdma2000
system, which had three parallel CDMA carriers, leading
to the first standardized multicarrier CDMA (MC-CDMA)
system [1].

However, given the consumers’ thirst for higher bit
rates, during the early 1990s, the research community
turned its attention to developing the third-generation (3G)
system, which was also based on various CDMA solutions.
The detailed discussion and the performance characteriza-
tion of 3G networks may be found in [2].

Despite the 40-year research history of OFDM [3], mul-
ticarrier cellular solutions only emerged during the 2000s

as the dominant modulation technique in the context of
the 3G partnership project’s (3GPP) long-term evolution
(LTE) initiative. Clearly, during the 2000s, multicarrier
solutions have found their way into all the 802.11 wire-
less standards designed for wireless local area networks
(WLANs), while using different-throughput modem
and channel coding modes, depending on the near-
instantaneous channel quality.

What is so beautiful about multicarrier solutions is their
impressive flexibility, since they have a host of different
parameters which allow us to appropriately configure them
and program them, whatever the circumstances are, regard-
less of the propagation environment and regardless of the
quality-of-service (QoS) requirements, as facilitated by the
employment of adaptive modulation and coding (AMC).

Our hope is dear Colleague that would allow us now to
briefly review the evolution of signal processing and com-
munications techniques over the past three decades in an
anecdotal style with reference to Fig. 1. At the time of writ-
ing we are gradually approaching the “5G Place” on our road
map of Fig. 1. We are indeed also approaching the bit-rate
limits upper-bounded by the channel capacity of both the
classic single-input-single-output (SISO) systems as well as
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Fig. 1. The roadmap for illustrating the brief history of wireless standardization.
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of the MIMO systems. Observe at the top left hand corner
of Fig. 1 how the various MIMO solutions, such as bell lab’s
layered space-time (BLAST) “Drive,” space-time coding
(STC) “Street,” beamforming “Close,” and linear dispersion
coding (LDC) “Street” merge into multiple-input—multiple-
output (MIMO) “Square.”

After decades of evolution, the classic orthogonal
multiple-access (OMA) schemes, such as time-division
multiple-access (TDMA) “Street,” frequency-division multiple
access (FDMA), orthogonal variable spreading factor-based
code-division multiple access (OVSF-CDMA), interleave-
division multiple access (IDMA), and orthogonal frequency-
division multiple access (OFDMA) “Street” converged to
OMA/nonorthogonal multiple-access (NOMA) “Square” of
Fig. 1. They have also evolved further along spatial-division
multiple-access (SDMA) and multifunctional antenna
array “Street”; these solutions have found their way into
the fourth-generation (4G) OFDMA systems. As seen at
the bottom left corner of Fig. 1, the various advance chan-
nel coding schemes have competed for adoption in the
4G standard, which relies of a variety of coding arrange-
ments, including automatic repeat request (ARQ).

At the time of writing the community turned toward the
standardization of the 5G systems, with a special emphasis
on the NOMA techniques detailed in this treatise, as indi-
cated by the broad NOMA “Parkway,” which symbolizes
15 different NOMA proposals. The family of MFAAs also
entails the recent spatial modulation (SM) and large-scale
(LS) MIMO systems. Since the “road along millimeter wave
(mmWave) Street” is rather unexplored and the attenuation
is high, the employment of BF is rather crucial, if we want
to exploit these rich spectral reserves.

In the bottom right corner of Fig. 1, a number of novel
technological advances converge at HetNet “Square,”
where cognitive radio (CR) and software-defined networks
meet device-to-device (D2D) and Internet-of-Things (IoT)
networks. A range of sophisticated ideas are also under
intensive investigation to resolve the network-centric ver-
sus user-centric design options. There is a strong evidence
that the latter is more promising, because it is also capable
of simultaneous load balancing. There are also strong pro-
posals on decoupling the uplink and downlink teletraffic,
with the motivation that mobile-initiated uplink traffic can
reach a small-cell BS at a lower transmit power than that
of the BS’s downlink transmission. Optical wireless based
on visible-light communications is also developing quite
rapidly, with gigabit copper backhaul networks making
promising progress. While no doubt the classic RF systems
will continue to evolve toward the next generation, an idea,
whose time has come, is quantum communications, as dem-
onstrated by the Science article “Satellite-based entangle-
ment distribution over 1200 km” by Yin et al. [4].

As the LTE system is reaching maturity and the 4G systems
have been commercially deployed, researchers have turned
their attention to the 5G cellular network. The latest visual

network index (VNI) reports pointed out that by 2020s, the
data traffic of mobile devices will become an order of magni-
tude higher compared to that in 2014 [5]. Apart from meet-
ing the escalating data demands of mobile devices, other
challenges of dealing with the deluge of data as well as with
the high-rate connectivity required by bandwidth-thirsty
applications such as virtual reality (VR), online health care,
and the IoT further aggravate the situation. Driven by this,
the 5G networks are anticipated with high expectations in
terms of making a substantial breakthrough beyond the
previous four generations. The often-quoted albeit poten-
tially unrealistic expectations include 1000 times higher
system capacity, ten times higher system throughput, and
ten times higher energy efficiency per service than those of
the 4G networks [6]. Several key directions such as ultra-
densification, mmWave communications, massive MIMO
arrangements, D2D and machine-to-machine (M2M) com-
munication, full-duplex (FD) solutions, energy harvesting
(EH), cloud-based radio access networks (C-RANs), wireless
network virtualization (WNV), and software-defined net-
works (SDNs) have been identified by researchers [7]-[9].
Table 1 lists all acronyms used in this article. Fig. 2 illus-
trates the whole 5G network structure, including most of
the existing/promising techniques.

B. State of the Art of Multiple-Access Techniques

As mentioned before, sophisticated multiple-access (MA)
techniques have also been regarded as one of the most fun-
damental enablers, which have significantly evolved over
the consecutive generations in wireless networks [10], [11].
Let us have a deeper looker at the development of MA tech-
niques. As illustrated in Fig. 1, the past three to four decades
have witnessed historic developments in wireless commu-
nications and standardization in terms of MA techniques.
Looking back to the development of the MA formats as we
briefly discussed above, in the first generation (1G), FDMA
was combined with an analog frequency-modulation-based
technology, although digital control channel signaling
was used. In the 2G GSM communications, TDMA was
used [12]. Then, CDMA, which was originally proposed by
Qualcomm [13], became the dominant MA in the 3G net-
works. In an effort to overcome the inherent limitation of
CDMA, namely that the chip rate has to be much higher
than the information data rate, OFDMA was adopted for
the 4G networks [14]. Based on whether the same time or
frequency resource can be occupied by more than one user,
the existing MA techniques may be categorized into OMA
and NOMA techniques [15]. Among the aforementioned
MA techniques, FDMA, TDMA, and OFDMA allow only
a single user to be served within the same time/frequency
resource block (RB), which belong to the OMA approach.
By contrast, CDMA allows multiple users to be supported
by the same RB with the aid of applying different unique,
user-specific spreading sequences for distinguishing them.
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Table 1 List of Acronyms

LDPC
LPMA

LMMSE

Amplify-and-Forward

Beamforming Based

Broadcast Channel

Base Station

Beamforming

Cluster-Based

Code Division Multiple Access
Compress-and-Forward

Channel Impulse Response
Coordinated Multipoint

Cognitive Radio

Cloud-based Radio Access Networks
Compressive Sensing

Channel State Information

Channel State Information at the Transmitter
Device-to-Device
Decode-and-Forward

Downlink

Dirty-Paper Coding

Full-Duplex

Frequency Division Multiple Access
Leave Division Multiple Access
Iterative Multi-user Detection
Internet of Things

Low-Density Signature
Low-Density Parity-Check

Lattice Partition Multiple Access
Long Term Evolution

Linear Minimum Mean Square Error
Multiple Access

Medium Access Control
Machine-to-Machine

Wireless Network Visualization
Message Passing Algorithms
Multi-User Shared Access
Multi-User Superposition Transmission
Non-deterministic Polynomial-time
Non-Orthogonal Multiple Access
Orthogonal Frequency Division Multiplexing
Orthogonal Frequency Division Multiple Access
Orthogonal Multiple Access

Power Allocation

Pattern Division Multiple Access
Proportional Fairness

Physical Layer Secerity
Peer-to-Peer

Primary Receiver

Primary Transmitter

Primary User

Quality of Service

Resource Block

Radio Frequency

Relaying Broadcast Channel

Signal Alignment

Superposition Coding

Sparse Code Multiple Access

Space Division Multiplexing

Space Division Multiple Access
Software Defined Network

Software Defined Radio

Software Defined NOMA
Successive Interference Cancelation
Single-Input Single-Output
Signal-Noise Ratio

Secondary Receiver

Secondary Transmitter

Secondary User

Trellis Coded Multiple Access

Time Division Multiple Access
Uplink

Vertical-Bell Laboratories Layered Space-Time
Visible Light Communication
Visual Network Index

Wireless Power Transfer
Zero-forcing

Fueled by the unprecedented proliferation of new
Internet-enabled smart devices and innovative applica-
tions, the emerging sophisticated new services expedite the
development of 5G networks requiring new MA techniques.
NOMA techniques can be primarily classified into a pair
of categories, namely, code-domain NOMA and power-
domain NOMA [16].!

The most prominent representative code-domain NOMA
techniques include trellis-coded multiple access (TCMA)
[18], IDMA [19], and low-density signature (LDS) sequence-
based CDMA [20]. These solutions are complemented
by the more recently proposed multiuser shared access
(MUSA) technique [21], pattern-division multiple access
(PDMA) [22], and sparse-code multiple access (SCMA).

The power-domain NOMA, which has been recently
proposed to 3GPP LTE [23], exhibits a superior capacity
region compared to OMA. The key idea of power-domain
NOMA is to ensure that multiple users can be served
within a given time/frequency RB, with the aid of super-
position coding (SC) techniques at the transmitter and
successive interference cancellation (SIC) at the receiver,
which is fundamentally different from the classic OMA
techniques of FDMA/TDMA/OFDMA as well as from the
code-domain NOMA techniques. The motivation behind
this approach lies in the fact that, again, NOMA is capable
of exploiting the available resources more efficiently by
opportunistically capitalizing on the users’ specific chan-
nel conditions [24] and it is capable of serving multiple
users at different QoS requirements in the same RB. It has
also been pointed out that NOMA has the potential to be
integrated with existing MA paradigms, since it exploits
the new dimension of the power domain. The milestones
of power-domain NOMA are summarized in the timeline
of Table 2.

C. Motivation and Contributions

While the above literature review has laid the basic
foundation for understanding the development of MA
schemes in each generation of cellular networks, the
power domain multiplexing-based NOMA philosophy is
far from being fully understood. There are some short
magazine papers [16], [23], [43], [44] and surveys [45],
[46]in the literature that introduce NOMA, but their focus
is different from our work. More particularly, Dai et al.
introduced some concepts of the existing NOMA tech-
niques and identified some challenges and future
research opportunities [16] both for power-domain
and code-domain NOMA. A magazine paper on power-
domain NOMA was presented by Ding et al. [23], with

!Note that apart from the code and power domain, the spatial
domain can also be regarded as another domain for supporting multiple
users within the same RB, which is achieved by exploiting the specific
“spatial signature” constituted by the channel impulse responses (CIRs)
of the users for distinguishing them [3], [10]. A representative MA tech-
nique is space-division multiple access (SDMA) [17].
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particular attention devoted to investigating the applica-
tion of NOMA in LTE and 5G networks. Shin et al. [43]
discussed the research challenges and opportunities in
terms of NOMA in multicell networks, aiming for iden-
tifying techniques to manage the multicell interference
in NOMA. As a further advance, Ali et al. [44] outlined
a general framework for multicell downlink NOMA by
adopting a coordinated multipoint (CoMP) transmission
scheme by considering distributed power allocation (PA)
strategy in each cell. Regarding surveys, in [45], Islam
et al. have surveyed several recent research contributions
on power-domain NOMA, while providing performance
comparisons to OMA in different wireless communica-
tions scenarios. In [46], Tabassum et al. investigated the
uplink and downlink of NOMA in single-cell cellular net-
works, identifying the impact of distance of users on the
performance attained.

Although the aforementioned research contributions
present either general concepts or specific aspects of NOMA,
some important NOMA models, the analytical foundations
of NOMA, and some of its significant applications in wire-
less networks have not been covered. Besides, a clear illus-
tration of the historic development of power-domain NOMA
milestones is missing. Finally, the comparisons between
power-domain NOMA and other practical forms of NOMA

have not been discussed. Motivated by all the aforemen-
tioned inspirations, we developed this treatise. More explic-
itly, the goal of this survey is to comprehensively survey
the state-of-the-art research contributions that address the
major issues, challenges, and opportunities of NOMA, with
particular emphasis on both promising new techniques and
novel application scenarios. Table 3 illustrates the compari-
son of this treatise with the existing magazine papers and
surveys in the context of NOMA.

To highlight the significance of this contribution, we
commence with a survey of NOMA starting with the basic
principles, which provides the readers with the basic con-
cepts of NOMA. We continue in the context of multiple-
antenna-aided techniques combined with NOMA, followed
by cooperative NOMA techniques. We then address another
important issue of NOMA, namely its resource and PA prob-
lems. Finally, we elaborate on invoking other 5G candidate
techniques in the context of NOMA networks. The contri-
butions of this survey are at least fivefold, which are sum-
marized as follows.

1) We present a comprehensive survey on the recent
advances and on the state of the art in power-domain
multiplexing-aided NOMA techniques. The basic
concepts of NOMA are introduced and key advan-
tages are summarized. The research challenges,

Vol. 105, No. 12, December 2017 | PROCEEDINGS OF THE IEEE 2351



Hanzo et al.: Nonorthogonal Multiple Access for 5G and Beyond

Table 2 Timeline of Power-Domain NOMA Milestones

Cover first proposed SC and SIC
concepts [25].

Bergmans theoretically
demonstrated that SC is capable of
1973 - - - - ¢ approaching the capacity of the
Gaussian broadcast channel

(BC) [26].

Verdu discovered the optimal
1986 - - - - - - e maximum-likelihood multi-user
receiver for COMA systems [27].

Patel and Holtzman proposed to
1994 ... ¢ apply SIC and PIC in CDMA
systems [28].

Li and Goldsmith studied the
2001 ------ e capacity regions for fading BCs with
applying SC and SIC [29], [30].

Mostafa et al. demostrated that
SAIC can effectively suppress
downlink inter-cell interferences in
GSM networks [31].

Tse compared the capacity regions
2004 ------ ¢ of NOMA to OMA both in downlink
and uplink [32].

Andrews summarized the
development of interference
cancellation for cellular
systems [33].

Zhang and Hanzo offered a unified
2011 .- .. ¢ treatment for SC aided
systems [34].

Vanka et al. designed an
experimental platform for
investigating the implementing
performance of SC [35].

Saito et al. proposed the concept of
two-user downlink NOMA
transmission for bandwidth
efficiency enhancement [36].

Ding et al. developed a multi-user
downlink NOMA transmission
scheme with randomly deployed
users [37].

Xiong et al. designed a practical
2015 ------ ¢ open source SDR-based NOMA
prototype for two-user case [38].

Benjebbour et al. measured the
2015 .- - - - - o experimental results on a NOMA
test-bed for two-user case [39].

Choi et al. proposed a two-user
MISO-NONA design for

2015 ------ e investigating the potential
application of multi-antenna
techniques in NOMA [40].

Ding et al. proposed a
2016 - - - - e cluster-based multi-user
MIMO-NOMA structure [41].

Shin et al. proposed to apply
coordinated beamforming for

2017 ------ ¢ multi-cell MIMO-NOMA networks to
enhance the cell-edge users’
throughput [42].

opportunities, and potential solutions are also
identified.

2) We investigate the application of multiple-antenna-
aided techniques to NOMA. The pair of most
dominant solutions, namely cluster-based MIMO-
NOMA and beamformer-based MIMO-NOMA,
are reviewed and their benefits are examined.
Furthermore, we highlight that specific massive
MIMO-NOMA solutions are capable of improv-
ing the performance of NOMA networks to a large
extent. A range of important challenges are elabo-
rated on in the context of multiple-antenna-assisted
NOMA and the associated future opportunities are
also underlined.

3) By exploiting the specific characteristics of
NOMA, we study the interplay between NOMA and
cooperative communications. We demonstrate that
cooperative NOMA constitutes a promising tech-
nique of improving the reliability of the users experi-
encing poor channel conditions.

4) We identify the potential issues associated both with
power and user allocation, which constitute the fun-
damental problems to be solved for ensuring fairness
in the NOMA networks. We point out the significance
of designing efficient algorithms for dynamically
allocating the resources to the users. Furthermore,
we propose the novel concept of software-defined
NOMA (SD-NOMA) network architectures, where
resource allocation, including the power, is per-
formed on a generic hardware platform by taking into
account the global view of the entire network.

5) We identify the major issues and challenges associ-
ated with the coexistence of NOMA and the other
emerging 5G technologies. The potential solutions
based on the current research contributions corre-
sponding to these technologies are also surveyed. We
have also discussed the implementation issues and
recent standardization progress for NOMA. Finally,
power-domain NOMA and other popular forms of
NOMA are contrasted. We spotlight that signifi-
cance to provide a unified framework for NOMA.

D. Organization

The remainder of this paper is structured as follows.
Section II presents the basic principles of NOMA, includ-
ing a brief overview on multiuser detection and interference
cancellation (IC), the key techniques adopted, and its main
advantages. Section III investigates the recent advances in
multiple-antenna-aided NOMA transmission and identifies
the open research challenges. In Section IV, the associated
research contributions are surveyed in terms of the inter-
play between NOMA and cooperative transmission. The
resource allocation of NOMA, including user association
and PA, are studied and summarized in Section V. Finally,
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Table 3 Ccomparison of This Work With Available Magazine Papers and Surveys. Here, “PD” Refers to “Power Domain,” “CD” Refers to “Code
Domain,” “SD” Refers to “Software Defined,” “EP” Refers to “Error Propagation,” and “CE” Refers to “Channel Estimation”

Dai
et al.
[16]

Ding
et al.
[23]

— Classifications Key Contents

Ali Islam
et al. et al.
[44] [45]

Taba.
et al.
[46]

Cai
et al.

Shin
et al.
[43]

Song
et al.
[47]
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Section VI investigates the coexistence of NOMA with other
emerging 5G technologies. Section VII points out the imple-
mentation challenges as well as the standardization process
of NOMA, while Section VIII discusses several other forms
of NOMA techniques. Finally, Section IX concludes this
treatise. Fig. 3 illustrates the organization of this paper.

II. BASIC PRINCIPLES OF NOMA

The fundamental concept of NOMA facilitates support-
ing multiple users in the power domain. In contrast to the
conventional MA techniques, NOMA? uses a new dimen-
sion to perform multiplexing within one of the classic time/
frequency domains. In other words, NOMA can be regarded
as an “add-on” technique, which has the promising potential
of facilitating harmonious integration with the existing leg-
acy solutions. In this section, we introduce the basic concept
of NOMA by illustrating the associated key technologies and
summarize its salient advantages. We also survey the pivotal
research contributions both in downlink and uplink NOMA
transmissions in single-antenna scenarios.

A. Multiuser Detection and Interference Cancelation

Before diving into the deep description of the key tech-
niques of NOMA, let us first give a brief overview for the
multiuser detection (MUD) and IC.

1) Multiuser Detection: The idea of simultaneously receiv-
ing the multiple user signals and detecting them is not

2The NOMA approach addressed in this survey implies the power-
domain NOMA, unless stated otherwise.

new; its history goes back to the 1970s (see Cover’s work
on BCs [25] and Etten’s work on multiuser sequence esti-
mator [48]). Then, Verdu discovered the optimal multiuser
receiver of CDMA systems in the 1980s [27], which is based
on the maximum-likelihood receiver detecting multiple
users in parallel. We take CDMA as an example to illustrate
MUD. Rather than allocating orthogonal RBs to different
users as in FDMA and TDMA, CDMA codes superimpose
the signals of multiple users with the aid of unique, user-
specific signature referred to as spreading codes. If we use
orthogonal K-chip, we can only support K users. But when
using nonorthogonal m-sequences in the spirit of NOMA,
we can have many more users. Multiple-access interference
(MAI) limits the capacity and performance of CDMA sys-
tems. While the MAI caused by a single interfering user is
generally small, the system becomes interference limited as
the number of interferers or their power increases [49], [50].
MUD exploiting the knowledge of both the spreading code
and timing (and possibly amplitude and phase) information
of multiple users has been regarded as an efficient strategy
of improving the system capacity. Various MUD algorithms,
such as the optimal maximum-likelihood sequence estima-
tion [27], [51], turbo decoding, matched filter SIC [52], and
parallel interference cancellation (PIC) have been designed
to reduce the MAI at an affordable complexity cost. Table 1
in [33] illustrates the high-level comparison for different
types of multiuser receivers.

Moreover, there are some recently developed joint
detection techniques for downlink cellular systems, which
are based on single-antenna interference cancellation
(SAIC) receivers. More particularly, this technique relies
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on either maximum-likelihood detection or predetection
processing, rather than on IC techniques. This development
is attributed to the fact that joint detection has also been
developed for asynchronous networks [53]. As a further
advance, the proposed SAIC technique has had successful
field trial results in the GSM era in terms of suppressing the
downlink intercell interference [31].

2) Interference Cancellation: Commonly, the multiuser
IC techniques can be divided into two main categories,
namely pre-interference cancelation (pre-IC) and post-
interference cancellation (post-IC) [54]. More specifically,
pre-IC techniques are employed at the transmitter side by
suppressing the interference by precoding approaches, such
as the famous dirty paper coding (DPC) [55] upon exploit-
ing the knowledge of the channel state information (CSI)
at the transmitter. By contrast, the post-IC techniques are
usually used at the receiver side for canceling the interfer-
ence. The post-IC approach can be further divided into two
categories, which are parallel and successive [33]. If we
carry out accurate power control to ensure that all received
signals are similar, PIC outperforms SIC. By contrast, SIC
works better, when the received powers are different [28]
because the strongest user’s signal can be detected first.
The detected bit is the remodulate and its interference is
deducted from the received signal. Repeating this action
in a sequential order gives us the clean weakest signal. It
is worth noting that in addition to the performance versus
complexity tradeoff, there are also a variety of other trade-
offs between PIC and SIC.

There are also some recent IC techniques. Based on
PIC, Sawahashi et al. [56] of NTT DoCoMo have devel-
oped a coherent three-stage interference canceller for
DS-CDMA systems, which is capable of employing accu-
rate pilot symbol-assisted channel estimation and IC. The
corresponding performance was experimentally evalu-
ated with the aid of a multipath fading simulator [56].
Regarding the LTE heterogeneous networks (HetNets),
some companies such as Qualcomm and Fujitsu have also
developed powerful IC techniques. More particularly, at
the 3GPP meeting in 2008, Qualcomm proposed a new
cell selection scheme, termed cell range extension [57], for
allowing more small cell offloading to manage the strong
macrocell interference at the handsets [58]. Li et al. [59]
of Fujitsu proposed a frequency-domain cell-specific ref-
erence-signal-aided SIC scheme for 3GPP LTE-Advanced
Rel-11 systems. While the aforementioned IC techniques
mainly focus on the digital domain, there are also pioneer-
ing analog domain solutions. In full-duplex systems, self-
interference cancellation (IC) is the key issue [60]. Duarte
et al. [61] proposed an active analog cancellation-aided
tull-duplex architecture to cancel the self-interference
before the analog-to-digital converter (ADC). The sup-
pression performance of [61] was also characterized with
the aid of experimental results.

B. Key Technologies of NOMA

Again, the basic principles of NOMA techniques rely
on the employment of superposition coding (SC) at the
transmitter and successive interference cancelation (SIC)
techniques at the receiver. In fact, neither of these two tech-
niques are new; their roots can be found in the existing lit-

erature [25], [26], [28], [33], [35], [62]-[71].

1) Superposition Coding: First proposed by Cover as
early as in 1972 [25], the elegant idea of SC is regarded as
one of the fundamental building blocks of coding schemes
conceived for achieving the capacity of a scalar Gaussian
BC [62]. More particularly, it was theoretically demon-
strated that SC is capable of approaching the capacities of
both the Gaussian BC and of the general BC as defined by
Bergmans’ paper published as early as 1973 [26] and by
Gallager [72]. The fundamental concept of SC is that it is
capable of encoding a message for a user associated with
poor channel conditions at a lower rate and then superim-
pose the signal of a user having better channel conditions
on it. Inspired by the solid foundations laid down from an
information theory perspective, researchers became moti-
vated to apply SC to diverse channels, such as interference
channels [63], relay channels [64], MA channels [65], and
wiretap channels [66]. While the aforementioned contribu-
tions richly motivate the use of SC from a theoretical per-
spective, further research was required for evolving this
technique from theory to practice [35], [73]. Specifically,
Vanka et al. [35] designed an experimental platform using
a software-defined radio (SDR) system to investigate the
performance of SC. The set of achievable rate pairs under a
specific packet-error constraint was determined.

2) Successive Interference Cancelation: It has been widely
exploited that the network capacity can be substantially
improved with the aid of efficient interference management,
hence SIC is regarded as a promising IC technique in wire-
less networks. By invoking the following procedure, it ena-
bles the user having the strongest signal to be detected first,
who has hence the least interference-contaminated signal.
Then, the strongest user reencodes and remodulates its sig-
nal, which is then subtracted from the composite signal. The
same procedure is followed by the second strongest signal,
which has in fact become the strongest signal. When all but
one of the signals was detected, the weakest user decodes its
information without suffering from any interference at all.

Compared to the classic MUD techniques, we summa-
rize the key advantages of SIC as follows.

+ In contrast to the MUD techniques of CDMA [74]
or MIMO systems [75] where there are multiple
observations at receivers [27], [76], [77],
domain NOMA usually has a single observation at
each receiver. In other words, rather than using join-
detection-aided MUD considering all users simulta-
neously, the SIC technique operates in an iterative

power-
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manner, which imposes a lower hardware complexity
at the receiver than the joint decoding approach [33].3
The number of multiplications and additions required
was summarized in [74].

+ It has been demonstrated that SIC is capable of
approaching the boundaries of the capacity region of
both the BCs and of MA channels [32].

+ As discussed before, SIC has a better performance
than PIC when the received powers are different [28],
which is more suitable for power-domain NOMA sup-
porting the users via different power levels.

Hence, SIC has been widely studied and diverse versions
have been employed in practical systems, such as CODMA [28]
as well as SDMA [74] and the vertical-bell laboratories lay-
ered space time (V-BLAST) [67]. Furthermore, SIC has also
been exploited in several practical scenarios, such as multi-
user MIMO networks [68], multihop networks [69], random
access systems [70], and in large-scale networks modeled by
stochastic geometry [71], just to name a few. A particularly
important fact concerning SIC is that it has been imple-
mented in commercialized systems, such as IEEE 802.15.4.
Another practical implementation is to use the SIC-aided spa-
tial division multiplexing (SDM) detector in SDM-assisted
orthogonal frequency-division multiplexing (OFDM) systems
for signal detection by distinguishing the users with the aid of
their unique, user-specific impulse responses [3].

C. Identifying OMA and NOMA

We commence with the mathematical definition of
NOMA. The general definition of NOMA is a MA technique,
which allows multiple users to simultaneously occupy the
same time-and-frequency resource. Based on this definition,
we may have power-domain NOMA, code-domain NOMA,
and spatial-domain NOMA, as mentioned in Section I. In
this treatise, we focus on power-domain NOMA. The nar-
row sense definition of power-domain NOMA is to superim-
pose the signals in the same time-and-frequency resource at
different power levels, and then to adopt SIC techniques at
receivers for interference cancelation.*

For illustrating the relationship between NOMA and
OMA mathematically, below we provide a simple analytical
characterization by examining the achievable performance
with the aid of signal-to-noise ratio (SNR) expressions. Let
us consider two-user downlink NOMA transmission. The
channel coefficients of user m and user n are h,, and h,,. Let
us denote the transmit SNR at the BS by p and assume that
we have |hm|2 < |hn|2 without loss of generality.

3Actually, if we consider the broad sense of power-domain NOMA,
most of aforementioned MUD techniques can be potentially applied,
depending on the receiving power of users.

“The broad sense definition of power-domain NOMA constitutes all
MA techniques which apply SC technique at transmitters for power
multiplexing. In this sense, some code-domain NOMA can also regarded
as generalized power-domain NOMA techniques, which will be detailed
in Section VII.

+ OMA: According to Shannon’s capacity theorem,
when power control is used, the throughput of OMA
can be expressed for user m and user n as [32]

ROMA = plogy(1+ 5 |hn|?) ©
and
RO = (1= plogy(1+ 75 hf*) @

respectively, where o, and ¢, are the PA coefficients
and satisfy o, + ¢, = 1, and S s the resource alloca-
tion coefficient, having units of hertz for frequency
or seconds for time. For the case that the power
control is not considered at the BS, we set a,/8 =
/(1 — B) = 1. Then (1) and (2) can be rewritten as

ROMA = Blog, (1 + plhu|?) 3)
and
ROMA = (1 - B)logy(1+ plhy|?). 4)

+ NOMA: Regarding NOMA, the throughput of user m
and user n is given by [32]

h |2
RNOMA 1o (g4 POnlnl” 5
and
RYOMA = logy (1 + pay |hy)?) ©6)
respectively.

In order to gain more insights into the spectral efficiency
advantage of NOMA over OMA, we investigate the following
special case as an example. At high SNRs, assuming that the
time/frequency resources are equally allocated to each user,
based on (3)-(6), the sum throughput of OMA and NOMA
can be expressed as Rgf}/[n’}oo ~ log, (p\/ | A |2 | hn |2) and
RQ{%}@‘Q ~ log, (p|hn|2), respectively. Then, we can express

the sum throughput gain of NOMA over OMA as follows:
i 1
RGimioo = Riumice — Rtmeo = 51082(| b |2/ |?). (7)

When we have |h|* < |h,|% the sum throughput of
NOMA is higher than that of OMA, and this gain is imposed
when the channel conditions of the two users become more
different. Chen et al. [78] provided a rigorous mathematical
proof to demonstrate that NOMA always outperforms the
conventional OMA scheme.

D. Main Advantages of NOMA

While both SC and SIC continue to mature in terms
of their theoretical and practical aspects, NOMA is also
maturing. Hence, it has been proposed for next-generation
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networks. By invoking the SC technique, the BS transmits
the superposition coded signals of all users. Then, the chan-
nel gains of the users are sorted in the increasing or decreas-
ing order. In the traditional OMA schemes, strongest user
benefits from the highest power, which is not always the
case for NOMA. The NOMA transmission schemes exhibit
the following main advantages.

+ High bandwidth efficiency: NOMA exhibits a high
bandwidth efficiency and hence improves the system’s
throughput, which is attributed to the fact that NOMA
allows each RB (e.g., time/frequency) to be exploited
by multiple users [36].

+ Fairness: A key feature of NOMA is that it allocates
more power to the weak users. By doing so, NOMA is
capable of guaranteeing an attractive tradeoff between
the fairness among users in terms of their throughput.
There are sophisticated techniques of maintaining
fairness for NOMA, such as the intelligent PA policies
of [24] and [79] and the cooperative NOMA scheme
of [80], which will be detailed in this paper later.

+ Ultrahigh connectivity: The future 5G system is
expected to support the connection of billions of smart
devices in the IoT [81]. The existence of NOMA offers
a promising design alternative for efficiently solving
this nontrivial task by exploiting its nonorthogonal
characteristics. More specifically, in contrast to con-
vectional OMA, which requires the same number of
frequency/time RBs as the number of devices, NOMA
is capable of serving them by using less RBs.

+ Compatibility: Again, from a theoretical perspective,
NOMA can be invoked as an “add-on” technique for
any existing OMA techniques, such as TDMA/FDMA/
CDMA/OFDMA, due to the fact that it exploits a new
dimension, namely the power domain. Given the
mature status of SC and SIC techniques both in theory
and practice, NOMA may be amalgamated with the
existing MA techniques.

+ Flexibility: Compared to other existing NOMA tech-
niques, such as MUSA [21], PDMA [22], and SCMA [16],
[23], [82], NOMA is conceptually appealing and yields
a low-complexity design. In fact, the fundamental prin-
ciples of the aforementioned MA schemes and NOMA
are very similar, relying on allocating multiple users to
a single RB. Considering the comparison of NOMA and
SCMA as an example, SCMA can be regarded as a vari-
ation of NOMA which integrates appropriate coding,
modulation, and subcarrier allocation.

E. Investigating NOMA From an Information-
Theoretic Perspective

Having considered the potential benefits of NOMA, it
is important to investigate its performance gain also from
an information-theoretic perspective. In fact, the concept
of NOMA may also be interpreted as a special case of SC

in the downlink broadcast channel (BC). More particularly,
by using SC, the capacity region of a realistic imperfect dis-
crete memoryless BC was established by Cover [25]. As an
extension of [25], Bergmans found the Gaussian BC capac-
ity region of single-antenna scenarios [83]. Inspired by [25]
and [83], several researchers began to explore the potential
performance gain from an information-theoretic perspec-
tive [84]-[86]. Xu et al. [84] developed a new evaluation
criterion for quantifying the performance gain of NOMA
over OMA. More specifically, considering a simple two-user
single-antenna scenario in conjunction with the Gaussian
BC, the comparison of TDMA and NOMA in terms of
their capacity region was provided in [84]. The analytical
results showed that NOMA is capable of outperforming
TDMA both in terms of the individual user rates and the
sum rate. In [85], Shieh and Huang focused their atten-
tions on examining the capacity region of downlink NOMA
by systematically designing practical schemes and investi-
gated the gains of NOMA over OMA by designing practical
encoders and decoders. Furthermore, by proposing to use
NOMA for relaying broadcast channels (RBCs) for the same
of achieving a performance enhancement, So and Sung [86]
examined the achievable capacity region of the RBC upon
invoking both decode-and-forward (DF) relaying, as well
as compress-and-forward (CF) relaying with/without dirty-
paper coding (DPC). Regarding the family of MIMO-NOMA
systems, in [87] the achievable capacity region of multiuser
MIMO systems is investigated upon invoking iterative lin-
ear minimum mean square error (LMMSE) detection.

In contrast to the above research contributions consid-
ering NOMA in additive white Gaussian noise (AWGN)
channels, Xing et al. [88] investigated the performance of
a two-user case of downlink NOMA in fading channels to
exploit the time-varying nature on multiuser channels. As
shown in Fig. 4, NOMA achieves a superior performance
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Fig. 4. lllustration of the sum rate versus the minimum rate

constraints with full CSIT knowledge for different user distances.
The full parameter settings can be found in [88].
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over OMA for different distance settings, where the aver-
age sum rate was maximized subject to a minimum average
individual rate constraint.

F. Downlink NOMA Transmission

Downlink NOMA transmission employs the SC tech-
nique at the BS for sending a combination of the signals and
the SIC technique may be invoked by the users for interfer-
ence cancelation, as shown in Fig. 5(b). Numerous valuable
contributions have investigated the performance of NOMA
in terms of downlink transmission [36], [37], [79], [89],
[90]. In [36], a two-user NOMA downlink transmission
relying on SIC receivers was proposed. Upon considering
a range of further practical conditions in terms of the key
link-adaptation functionalities of the LTE, the system-level
performance was evaluated in [89] and [90]. A more general
NOMA transmission scheme was proposed in [37], which
considered a BS communicating with M randomly deployed
users. It was demonstrated that NOMA is capable of achiev-
ing superior performance compared to OMA in terms of
both its outage probability and its ergodic rate. In [79], the

fairness issues were addressed by adopting appropriate PA
coefficients for the M users in a general NOMA downlink
transmission scenario.

Motivated by reducing the signaling overhead required
for CSI estimation, some researchers embarked on inves-
tigating the performance of downlink NOMA transmis-
sions using partial CSI at the transmitter [91]-[93]. More
explicitly, Yang et al. [91] studied the outage probability of
NOMA by assuming either imperfect CSI or second-order-
statistics-based CSI, respectively. In [92], by assuming the
knowledge of statistical CSI, Shi et al. investigated the out-
age performance of NOMA by jointly considering both the
decoding order selection and the PA of the users. In [93],
by assuming that only the average CSI was obtained at the
BS, Cui et al. studied both the optimal decoding order as
well as the optimal PA of the users in downlink NOMA sys-
tems. Both the transmit power of the BS and rate fairness
of users were optimized. By considering only a single-bit
feedback of the CSI from each user to the BS, the outage
performance of a downlink transmission scenario was stud-
ied by Xu et al. [94]. Based on the analytical results derived,
the associated dynamic PA optimization problem was solved
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Fig. 5. lllustration of NOMA transmission. (a) Power multiplexing NOMA. (b) Downlink NOMA transmission. (c) Uplink NOMA transmission.
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by minimizing the outage probability. In [95], Zhang et al.
investigated an energy-efficiency optimization problem
in downlink NOMA systems in conjunction with differ-
ent data rate requirements of the users. It was shown that
NOMA is also capable of outperforming OMA in terms of
its energy efficiency.

Apart from wireless communication systems, the poten-
tial use of NOMA in other communication scenarios has also
attracted interest. A pair of representative communication
scenarios are visible light communication (VLC) [96]-[99]
and quantum-aided communication [100]. To elaborate,
in [97], Marshoud et al. applied the NOMA technique in
the context of VLC downlink networks. By doing so, the
achievable throughput was enhanced. It is worth pointing
out that although the potential performance enhancement
is brought by invoking NOMA into VLC networks, the hard-
ware implementation complexity is also increased at trans-
mitters and receivers as SC and SIC techniques are adopted.
In [101], Botsinis et al. considered quantum-assisted mul-
tiuser downlink transmissions in NOMA systems, where a
pair of bioinspired algorithms were proposed.

G. Uplink NOMA Transmission

In uplink NOMA transmission, multiple users transmit
their own uplink signals to the BS in the same RB, as shown
in Fig. 5(c). The BS detects all the messages of the users
with the aid of SIC. Note that there are several key differ-
ences between uplink NOMA and downlink NOMA, which
are listed as follows.

+ Transmit power: In contract to downlink NOMA,
the transmit power of the users in uplink NOMA does
not have to be different, it depends on the channel
conditions of each user. If the users’ channel condi-
tions are significantly different, their received SINR
can be rather different at the BS, regardless of their
transmit power.

+ SIC operations: The SIC operations and interference
experienced by the users in the uplink NOMA and
downlink NOMA are also rather different. More spe-
cifically, as shown in Fig. 5(b) for downlink NOMA,
the signal of user n is decontaminated from the inter-
ference imposed by user m, which is achieved by first
detecting the stronger signal of user m, remodulating
it and then subtracting it from the composite signal.
It means that SIC operation is carried out on a strong
user in downlink for canceling the weak user’s inter-
ference. By contrast, in uplink NOMA, SIC is carried
out at the BS to detect strong user n first by treating
user m as interference, as shown in Fig. 5(c). Then,
it remodulates the recovered signal and subtracts the
interference imposed by user n to detect user m.

+ Performance gain: The performance gain of NOMA
over OMA is different for downlink and uplink. The
capacity region of NOMA and OMA both for downlink

and uplink is illustrated in [43, Fig. 1]. The capac-
ity region of NOMA is outside OMA, which means
that the use of NOMA in downlink has superior per-
formance in terms of throughput. While in uplink,
NOMA mainly has the advantages in terms of fairness,
especially compared to the OMA with power control.

Recently, there have been less research contributions on
uplink NOMA than on downlink NOMA [102]-[108]. The
downlink and uplink NOMA throughput regions were quan-
tified by Higuchi and Benjebbour [102] for both symmetric
and asymmetric channels. They demonstrated that the per-
formance benefits of NOMA over OMA become more sig-
nificant, when the channel conditions of the users are more
different. Al-Imari et al. [103] designed a novel NOMA
scheme for the classic OFDMA uplink. The efficiency gains
of the proposed scheme over the conventional OMA scheme
were quantified in terms of both fairness and spectral
efficiency. As an extension of [103], a novel iterative mul-
tiuser detection was designed in [104] for further enhanc-
ing the performance of the NOMA uplink. In an effort to
reduce the implementation complexity, Chen et al. [105]
conceived a user-pairing policy for the NOMA uplink. In
[106], Zhang et al. proposed a novel power control strat-
egy for the NOMA uplink and investigated both the out-
age probability and the delay-limited sum rate. In [108], a
wirelessly powered uplink NOMA transmission scheme was
investigated by Diamantoulakis et al. by applying a harvest-
then-transmit-style EH protocol. A general MIMO-NOMA
framework applying stochastic geometry both for downlink
and uplink transmission was proposed by Ding et al. [107].

H. Discussions and Outlook

Given the increasing number of research contributions
on NOMA, its advantages are becoming increasingly clear,
especially in terms of its bandwidth efficiency, energy effi-
ciency, and fairness. Stochastic geometry constitutes a pow-
erful mathematical and statistical tool, which is capable of
capturing the topological randomness of the networks and
hence provides tractable analytical results for the average
network behavior [109]. This is particularly essential in
large-scale networks supporting a large number of randomly
distributed BSs and mobile users. At the time of writing the
stochastic-geometry-based modeling of NOMA networks
is still in its infancy [37], [107], [110]-[114]. The deriva-
tion of closed-form expressions for obtaining deep insights
remains an open challenge. Hence, further research efforts
are required for analyzing the average performance of mul-
tiuser multicell NOMA networks [42], [115] in order to
provide inspiration both for the long-term investigations in
academia and practical guidelines for industry.

Another important issue to be addressed in the NOMA
context is that of the ordering of users as required by SIC.
Order statistics [116] can be a helpful tool to assist the
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associated performance analysis for the sake of obtaining
insightful guidelines.

Most of the existing contributions are mainly focused on
the theoretical performance analysis or optimization. Most
of the implementation issues, such as the effect of imper-
fect CSI on both SISO-NOMA [117] and on MISO-NOMA
[118]-[120], on limited channel feedback [121], [122], on
efficient receiver designs [123], and its combination with
advanced adaptive coding and modulation schemes, etc.,
are still open areas. Correspondingly, further research is
expected in the aforementioned areas to conceive a holistic
architecture for NOMA.

ITI. NOMA COMBINED WITH
MULTIPLE-ANTENNA TECHNIQUES

Multiple-antenna techniques are of significant importance,
since they offer the extra dimension of the spatial domain,
for further performance improvements. The application
of multiple-antenna techniques in NOMA has attached
substantial interest both from academia [40], [41], [102],
[107], [124]-[134] and from industry [36], [102], [135],
[136]. The distinct NOMA features such as channel order-
ing and PA inevitably require special attention in the con-
text of multiple antennas. More specifically, in contrast to
the SISO-NOMA scenarios whose channels are all scalars,
the channels of MIMO-NOMA scenarios are represented
in the form of matrices, which makes the power-based
ordering of users rather challenging. As a consequence,
conceiving an appropriate beamforming/precoding design
is essential for multiple-antenna-aided NOMA systems.
NOMA relying on beamforming (BF) constitutes an effi-
cient technique of improving the bandwidth efficiency by
exploiting both the power domain and the angular domain.
There are two popular MIMO-NOMA designs, namely
1) the cluster-based (CB) MIMO-NOMA design; and 2) the
beamformer-based (BB) MIMO-NOMA design, which will
be introduced in the following. Table 4 summarizes some

of the existing contributions on NOMA applying multiple
antennas and illustrates their comparison.

A. Cluster-Based MIMO-NOMA

One of the popular NOMA designs is associated with the
cluster-based structure, partitioning users into several dif-
ferent clusters. Explicitly, as shown in Fig. 6, the NOMA
users are partitioned into M clusters and each cluster con-
sists of L, users, where m e {1,2,...,M}. Then, we design
appropriate beams for the corresponding clusters. Upon
applying effective transmit precoding and detector designs,
it becomes possible to guarantee that the beam associated
with a particular cluster is orthogonal to the channels of
users in other clusters. Hence, the intercluster interference
can be efficiently suppressed. When considering each cluster
in isolation, there is a difference among the users’ channel
conditions, hence we are faced again with the conventional
NOMA scenarios. Thus, SIC can be readily invoked for miti-
gating the intracluster interference between users of the
same cluster. Recently, many important research contribu-
tions investigated beamforming-aided NOMA [40], [41],
[102], [107], [127], [138].

Specifically, Choi [40] proposed two-stage multicast
zero-forcing (ZF)-based beamforming for downlink inter-
group/cluster interference mitigation, where the total
transmit power of each group/cluster was minimized dur-
ing the second stage. Higuchi and Benjebbour [102] invoked
receive beamforming at the NOMA users and a transmit
beamformer at the BS. Higuchi and Kishiyama [135] then
proposed a novel scheme, which combined open-loop ran-
dom beamforming in conjunction with intrabeam SIC for
downlink NOMA transmission. However, random beam-
forming fails to guarantee a constant QoS at the users’ side.
To overcome this limitation, in [41], Ding et al. proposed
a TPC and detection scheme combination for a cluster-
based downlink MIMO-NOMA scenario relying on fixed
PA. By adopting this design, their MIMO-NOMA system

Table 4 Important Contributions on Multiple-Antenna-Aided NOMA. “DL” and “UL” Represent Downlink and
Uplink, Respectively. “BF” and “OP” Represent Beamforming and Outage Probability, Respectively. “su” and
“MU” Represent Two-User and Multiple-User Cases. The “Sum-Rate Gain” Implies the Gain Brought by Invoking

NOMA Technique Over Conventional OMA Technique in Terms of Sum Rate

Ref. Scenarios Direction | Main Objectives | Techniques/Characteristics
[40] MU-MISO DL Transmit power Two stage BF
[102] | MU-MISO DL/UL Throughput Less constraint at the BS
[125] | MU-MISO DL Sum-rate Ordered vector constraints
[135] | MU-MIMO | DL Sum-rate Random BF
[41] MU-MIMO | DL Sum-rate gain No need for perfect CSIT at the BS
[107] | MU-MIMO | DL/UL OopP Obtaining larger diversity gain
[127] | SU-MIMO DL OopP Creating channel differences artificially
[124] | SU-MIMO DL Ergodic capacity Optimal/sub-optimal power allocation
[126] | SU-MIMO DL Sum-rate Low complexity decoding
[137] | MU-MIMO | DL OP Limited feedback requirements
[138] | MU-MIMO | DL Max-min rate Addressed max-min fairness issue
[139] MU-MISO DL Secrecy OP Generating artificial noise
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Fig. 6. lllustration of cluster-based MIMO-NOMA.

can be decomposed into several independent SISO NOMA
arrangements. Furthermore, in order to establish a more
general framework considering both downlink and uplink
MIMO-NOMA scenarios, the so-called signal alignment
(SA) technique was proposed in [107]. Stochastic-geometry-
based tools were invoked to model the impact of the NOMA
users’ locations [107]. In contrast to the research contribu-
tions in [41] and [107], which are intercluster interference
free design, an intercluster interference allowance design
for CB MIMO-NOMA was proposed in [140]. More particu-
larly, a user who experiences the highest channel condition
was selected as a cluster head and was capable of completely
canceling all intracluster interference in [140]. Note that the
existing NOMA designs have routinely relied on assuming
different channel conditions for the different users, which
is however a somewhat restrictive assumption. In order
to circumvent this restriction, Ding et al. [127] designed a
new MIMO-NOMA scheme, which distinguishes the users
according to their QoS requirements with particular atten-
tion to IoT scenarios for the sake of supporting the SIC oper-
ation. Furthermore, they compared this new MIMO-NOMA
design to two NOMA schemes, which order users accord-
ing to the prevalent channel conditions. More particularly,
the ZF-NOMA scheme of [41] and the SA-NOMA scheme
[107] were used as benchmarks in [127]. Fig. 7 illustrates
the outage probability defined as the probability of errone-
ously detecting the message intended for user m in the ith
data stream, i = 1,2,3 at user n, where the QR decompo-
sition is used to augmenting the differences between the
users’ effective channel conditions according to the associ-
ated QoS requirements. As shown in Fig. 7, the QR-based
MIMO-NOMA scheme is capable of outperforming both
ZF-NOMA and SA-NOMA? as well as MIMO—OMA,6 since
it exploits the heterogeneous QoS requirements of different
users and applications. In [138], the fairness issues of the

Note that when M = N, ZF-NOMA achieves the same perfor-
mance as SA-NOMA [127].

6Fig. 7 is focused on the performance of user n, since the QoS require-
ments have been guaranteed with the aid of appropriate PA [127].
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Fig. 7. comparison of MIMO systems with various multiple-access
techniques using a two-user case. M = N = 3, where M is the number
of antennas at transmitters, and N is the number of antennas at
receivers. As such, each user is to receive three data streams from
the BS. R, = 1.2 bit per channel use (BPCU) and R,, = 5 BPCU are the
targeted data rates of user m and user n, respectively.

MIMO-NOMA scenario were addressed by applying appro-
priate user allocation algorithms among the clusters and
dynamic PA algorithms within each cluster.

B. Beamformer-Based MIMO-NOMA

Another technique of implementing MIMO-NOMA
is to assign different beams to different users, as shown in
Fig. 8. By doing so, the QoS can be satisfied by calculating
the beamformer weights in a predefined order, commenc-
ing with the most demanding QoS requirement. By adopt-
ing this approach, several contributions have been made in
terms of MIMO-NOMA. Considering the illustration of
Fig. 8 as an example, user 1 to user N occupy the same RB,
similarly to user (N + 1) to user (N + M). Again, within the
same RB we may employ SIC at each user, according to the
particular ordering of the different users’ received signal
power. In [125], Hanif et al. solved the downlink sum-rate
maximization problems, which resulted in obtaining the

8
User 1
Useg-#l 6
User 2
Useg+2
USGIQI +M BS Usg N

Fig. 8. lllustration of beamformer-based MIMO-NOMA.
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corresponding optimal TPC vectors. Sun et al. [124] first
investigated the power optimization problem constructed
for maximizing the ergodic capacity and then showed that
their proposed MIMO-NOMA schemes are capable of
achieving significantly better performance than OMA. In
an effort to reduce the decoding complexity imposed at the
users, a layered-transmission-based MIMO-NOMA scheme
was proposed by Choi [126], who also investigated the asso-
ciated PA problem. It was demonstrated that upon invoking
this layered transmission scheme, the achievable sum rate
increases linearly with the number of antennas.

C. Massive MIMO-NOMA

Massive MIMO may be considered as one of the key
technologies [9] in 5G systems as a benefit of improving
both the received SNR and the bandwidth efficiency. It was
shown in [141] that massive MIMO is capable of substan-
tially increasing both the capacity as well as the energy effi-
ciency. These compelling benefits of massive MIMO sparked
off the interest of researchers also in the context of NOMA.
In [137], Ding and Poor conceived a two-stage TPC design
for implementing massive MIMO-NOMA. Particularly, a
beamformer was adopted for serving to a cluster of angu-
larly similar users and then they decomposed the MIMO-
NOMA channels into a number of SISO-NOMA channels
within the same cluster. A one-bit CSI feedback scheme was
proposed for maintaining a low feedback overhead and a low
implementation complexity.

D. Discussions and Outlook

Although numerous research contributions have been
made in the field of MIMO-NOMA scenarios, most of the
existing treatises assumed that the perfect CSI is known
at the transmitter. Under this assumption, the TPC matrix
may be readily designed according to the ordered channels
between the users and the BS based on their received power.
However, in practical wireless communication systems,
obtaining the channel state information at the transmitter
(CSIT) is not a trivial problem, which requires the classic-
pilot-based training process. This is particularly important
for massive MIMO-NOMA scenarios, where a large number
of antennas is used at the BS, hence potentially imposing
an excessive pilot overhead and complexity. Additionally,
when the Doppler frequency is doubled, so is the pilot over-
head and the computational complexity. Although a low-
complexity massive MIMO-NOMA scheme relying on a
one-bit feedback flag was proposed in [137], naturally, the
performance was degraded compared to the case of per-
fect CSIT. Motivated by all the aforementioned problems,
efficient CSIT estimation techniques are required for sup-
porting massive MIMO-NOMA systems. By exploiting the
sparsity of the user’s channel matrix, compressive sensing
(CS) can be invoked for reducing the pilot overhead [142],

as well as for reducing the feedback overhead transmitted
from the downlink receivers to the BS. In the CS-based CSI
estimation conceived for massive MIMO-NOMA, machine
learning may be invoked both for identifying the meas-
urement matrix design of CS and for the sparse domain
selection process of channel estimation in massive MIMO-
NOMA. Explicitly, this is another valuable research topic.
The channel estimation problem can also be jointly con-
sidered with the data detection, where soft extrinsic informa-
tion is exchanged between the receiver blocks, such as the
channel estimator, data detector, and channel decoder. In
this context it is worth emphasizing that once some of the
soft estimates become sufficiently reliable, then they can be
subjected to hand decisions and then used as additional pilots
in the context of decision-directed channel estimation [74].
Finally, noncoherent MIMO-NOMA dispensing with chan-
nel estimation has to be investigated. Additionally, when
considering the practical implementation issues, the coexist-
ence of NOMA and MIMO inevitably necessitates the rede-
sign of receivers because of the distinct characteristics of SIC.

IV. INTERPLAY BETWEEN NOMA AND
COOPERATIVE COMMUNICATIONS

Due to the hostile characteristics of wireless channels,
the attenuation of the signals may vary dramatically dur-
ing their transmission. As a countermeasure, cooperative
communication is a particularly attractive technique of
offering cooperative diversity gains, hence extending the
network’s coverage [143], [144]. In this section, we summa-
rize the NOMA contributions on cooperative communica-
tions, mainly from the perspective of promising cooperative
NOMA techniques and the application of NOMA in coop-
erative networks.

A. Cooperative NOMA

The key idea behind cooperative NOMA is to rely
on strong NOMA users acting as DF relays to assist weak
NOMA users. Still considering the two-user downlink trans-
mission of Fig. 5(b) as our example, cooperative NOMA
requires two time slots for its transmission. The first slot is
for the direct transmission phase, which is the same as the
noncooperative NOMA of Fig. 5(b) indicated by solid lines.
During the second time slot, which is the cooperative phase,
user n will forward the decoded message to user m by invok-
ing the DF relaying protocol of Fig. 5(b) indicated by the
dashed line. Proposed by Ding et al. [80], this novel concept
intrigued researchers, since cooperative NOMA fully ben-
efits from SIC and DF decoding. In [80], a general downlink
NOMA transmission scenario was considered, where the BS
supported M users with the aid of cooperative NOMA proto-
cols relying on M slots. In an effort to seek a more efficient
cooperative NOMA protocol, Liu et al. [110] proposed a new
EH-assisted cooperative NOMA scheme. A sophisticated
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stochastic-geometry-based model was invoked for evaluat-
ing the system’s performance and user pairing was adopted
for reducing the implementation complexity. Compared
to conventional NOMA, the key advantages of cooperative
NOMA transmissions can be summarized as follows.

+ Low system redundance: Again, upon applying SIC
techniques in NOMA, the message of the weak user
has already been decoded at the strong user, hence it
is natural to consider the employment of the DF pro-
tocol for weak signal. Explicitly, the weak signal can
be remodulated and retransmitted from a position
closer to the destination.

+ Better fairness: A beneficial feature of cooperative
NOMA is that the reliability of the weak user is sig-
nificantly improved. As a consequence, the fairness of
NOMA transmission can be improved [79], particu-
larly in the scenarios when the weak user is at the edge
of the cell illustrated by the BS.

+ Higher diversity gain: Cooperative NOMA is capa-
ble of achieving an improved diversity gain for the
weak NOMA user, which is an effective technique
of overcoming multipath fading. It was analytically
demonstrated [80] that the diversity gains of the weak
users in cooperative NOMA are the same as those of
the conventional cooperative networks, even for using
EH relays [110].

Fig. 9 illustrates the superior performance of cooperative
NOMA over noncooperative NOMA as well as over OMA
in terms of its outage probability. It is noted that coopera-
tive NOMA achieves a higher diversity gain than noncoop-
erative NOMA and OMA, which demonstrates the effective-
ness of cooperative NOMA, as aforementioned. Note that
cooperative NOMA constitutes one of many techniques of
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Fig. 9. Performance comparison between cooperative NOMA and
noncooperative NOMA. The BS is located at (0, 0), user m is located
at (4, 0), user n is located at (1, 0), the path loss exponent is 3, and
the power allocation coefficient for user m and user n is (0.8, 0.2).
The targeted data rate is 1 bits per channel use (BPCU).

improving the transmission reliability of NOMA networks,
especially for the weak NOMA users who have poor channel
conditions. There are also other techniques for enhancing
the performance of NOMA networks, which will be detailed
in Section IV-B. It is also worth pointing out that the perfor-
mance of cooperative NOMA is related to the error propaga-
tion issue for SIC, which will be introduced in Section VII.

B. NOMA in Cooperative-Transmission-Based
Networks

Cooperative communication and NOMA techniques
mutually support each others, hence the joint action of both
techniques further improves the cooperative network per-
formance [145]-[151]. Relaying and CoMP transmission are
capable of improving cooperative networks.

1) Relay-Aided NOMA Transmission:
recently attracted considerable attention as a benefit of its

Relaying has

network coverage extension [143]. In this context, Men
and Ge investigated the outage performance of the single-
antenna AF relay-aided NOMA downlink [145]. By contrast,
in [146], multiple antennas were used. The potential gains
of NOMA over OMA were quantified in both scenarios. As
a further development, a DF-based two-stage relay selection
protocol was proposed in [152], which relied on maximizing
the diversity gain and minimizing the outage probability. In
[153], Duan et al. proposed a novel two-stage PA scheme
for a dual-hop relay-aided NOMA system, where the desti-
nation jointly decoded the information received both from
the source and from the relay by applying the classic MRC
technique. In [149], Kim and Lee considered a coordinated
direct and relay-aided transmission scheme, where the BS
simultaneously transmitted both to a nearby user and to a
relay by invoking NOMA techniques during the first phase,
while reaching a distant user with the aid of the relay.

2) Multicell NOMA With Coordinated Multipoint
Transmission: When considering multicell scenarios, the
performance of the cell-edge users is of particular concern.
This is particularly important for downlink NOMA, since
the SIC operations are usually carried out for cell-center
users rather than for cell-edge users. Hence, the cell-edge
users may not be well served. CoMP transmissions consti-
tute an effective technique of improving the performance
of cell-edge users. The key concept of CoMP in multicell
NOMA is to enable multiple BSs to carry out coordinated
beamforming or joint signal processing for the cell-edge
users [44]. There are several research contributions in the
context of handling the intercell interference in NOMA net-
works [42], [115], [147], [148], as detailed below.

In [115], Han et al. extended a single-cell NOMA to
multicell network NOMA. A new precoding approach was
proposed for mitigating the intercell interference, which
led to an enhanced spectral efficiency and energy effi-
ciency. In [147], Choi incorporated NOMA into CoMP for
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Table 5 Contributions on the Interplay of NOMA and Cooperative Communications

Ref. Model Topology Direction | Techniques | Main Metrics Characteristics
[80] Idealized topology DL DF OP+ergodic rate | Maximum diversity gain achievable
[110] | Stochastic geometry | DL DF OoP Wireless powered spatial randomly relays
[146] | Idealized topology DL AF OP-+ergodic rate | Multiple-antenna aided relays
[152] | Idealized topology DL DF OoP Novel two-stage relay selection policy
[115] | Idealized topology DL CoMP SE + EE Zero-forcing like distributed precoding
[147] | Idealized topology DL CoMP Sum-rate Using Alamouti code at coordinated BSs
[42] Idealized topology DL CoMP Sum-rate MIMO-NOMA coordinated beamforming
[148] | Idealized topology DL CoMP OP-+sum-rate Joint transmission/Opportunistic NOMA in CoMP
[149] | Idealized topology DL CoMP OP-+ergodic rate | Each stream achieves a diversity order of one
[151] | Idealized topology DL CRAN Throughput All the BSs are controlled by a cloud
[153] | Idealized topology DL DF Sum-rate Novel two-stage power allocation
[155] | Idealized topology DL DF OP Invoking full-duplex technique at relays
[154] | Stochastic geometry | DL CRAN OP Cluster point process based model

the sake of attaining a bandwidth efficiency improvement.
A new coordinated superposition coding scheme relying
on Alamouti’s space-time code was proposed. As a further
advance, Shin et al. [42] investigated the performance
of multicell MIMO-NOMA networks, applying coordi-
nated beamforming for dealing with the intercell interfer-
ence in order to enhance the cell-edge users’ throughput.
Tian et al. [148] conceived an opportunistic NOMA scheme
for CoMP systems and compared it to the conventional
joint-transmission-based NOMA. In [151], Vien et al. pro-
posed a NOMA-based PA policy for downlink cloud radio
access network (C-RAN) scenarios, which can also be
regarded as a coordinated transmission scenario, where the
BSs jointly form a cloud. In [154], Martin et al. proposed a
novel NOMA-aided C-RAN network, associated with using
stochastic geometry. It revealed that the proposed frame-
work is capable of substantially enhancing the performance
of cell-edge users.

C. Discussions and Outlook

Table 5 summarizes all the aforementioned research
contributions relying on the interplay between NOMA and
cooperative communications. In Table 5, “DL” and “OP”
represent the downlink and outage probability, respectively.
The terminology of “idealized topology” in the table indi-
cates that the users may not be randomly positioned and
that the path loss is assumed to be constant. The aforemen-
tioned literature has investigated the potential performance
enhancements of NOMA with the aid of cooperative tech-
niques. Nonetheless, there are several open research oppor-
tunities. For example, although employing relays is capable
of improving the reception reliability, while extending the
coverage area, it requires an extra time slot for relaying.
Developing full-duplex relays for NOMA networks con-
stitutes a promising research direction for eliminating the
requirement of an extra slot [155]-[157]. However, invoking
full-duplex relays will require the elimination of both self-
interference and interuser interference.

Additionally, the existing research contributions on
C-RAN NOMA are still in their infancy. It is worth pointing
out that C-RAN techniques are capable of efficient interfer-
ence management and large-scale data control. This is par-
ticularly important for large-scale C-RAN NOMA networks,
where sophisticated interference management (e.g., distrib-
uted beamforming design), dynamic user association, and
efficient PA can be jointly considered.

V. RESOURCE MANAGEMENT IN
NOMA NETWORKS

One of the main challenges in NOMA networks is to strike
an attractive compromise between the bandwidth efficiency
and the energy efficiency of the networks by intelligently
controlling the PA of the superimposed signals [47], dynam-
ically scheduling the users for the subchannels or by form-
ing spatially correlated clusters. Motivated by this, in this
section, we provide a comprehensive review of the existing
resource allocation contributions, mainly with a special
emphasis on power control and user/resource allocation.

A. Power Control for NOMA

Power control/allocation has been a pivotal research
direction throughout each generation of networks, since
inappropriately allocating power among users will inevita-
bly increase the overall energy consumption while inflicting
extra interference and hence degrading the overall perfor-
mance of the networks. Again, in NOMA, more power is
required for users with poor channel conditions and less
power for users with better channel conditions, which guar-
antees fairness among NOMA users.

Numerous valuable contributions have been published
on the PA problem in NOMA, which may be divided into
two main categories, optimal PA from the perspective of
all users and cognitive PA from the perspective of the weak
users, which will be detailed in Sections V-Al and V-A2.

1) Optimal Power Allocation: The contributions on
NOMA which investigate optimal PA can be also classified
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Table 6 strategies Considering the Fairness Issues of NOMA

Fairness Strategy Characteristics Bandwidth efficiency Fairness C lexity Ref.

Ordered power allocation Allocates more power for weak users Moderate Moderate Low [36], [37], [89], [110]
Max-min rate fairness Absolutely fairness for users Low High High [79], [93], [138]
Proportional fairness Maximizes users’ geometric mean Moderate Moderate Low [158], [159], [164], [165]
« utility function Imposes fairness High Moderate Moderate —

Weighted sum rate Achieves fairness with the aid of MAC layer | High Low Low [161]

Jain’s fairness index comparison Only a fairness performance metric — — — [103], [108], [163]

into two main categories: a) single-channel/carrier PA; and
b) multiple-channel/carrier/cluster PA. In this section, we
mainly focus our attention on single-channel/carrier PA,
while multiple-channel/carrier/cluster power allocation
will be introduced in Section V-B.

The aim of PA in single-channel/carrier scenarios is to
optimize the individual/sum rate while giving cognizance
to the fairness issues. Compared to OMA, optimal PA in
NOMA imposes more constraints associated with channel-
quality and power-based ordering in an effort to guarantee
fairness by allocating reasonable data rates to weak users
as well. The recent research contributions on the fairness
issues of NOMA can be summarized as follows. Table 6
summarizes most of the strategies considering the fairness
issues of NOMA.

+ Ordered power allocation: A simple yet effective
approach to guarantee the fairness of NOMA systems
is to allocate more power to users with poor channel
conditions. By doing so, weak users can still achieve
adequate rates. It is worth pointing out that adding
these transmit-power-based ordering constraints will
impose additional complexity on the optimization
problem formulated, especially for multiple-antenna-
aided NOMA scenarios [40], [125].

+ Max-min rate-fairness: The max-min PA problem
maximizes the rate of the weakest of all NOMA users
[79], [93], [138]. In [79], the PA strategy was inves-
tigated under the scenarios of knowing either the
instantaneous CSI or the average CSI. Note that by
adopting the max-min rate as our objective function
we can guarantee a certain grade of rate fairness, but
at the price of sacrificing the system’s sum rate.

+ Proportional fairness: Proportional fairness (PF)
is capable of maximizing the geometric mean of
user rates. In NOMA scenarios, a feasible propor-
tional fairness policy is to schedule users based on
the instantaneous user rates, while additionally
guaranteeing a certain long-term-average target
rate [158], [159].

+ o utility function: The « utility function constitutes
a generalization of proportional fairness and max-min
fairness. The definition of the « utility function is as
follows [160]:

.00 {logx,
x) =
o X171 - o),

ifa =1

otherwise.

®

Note that for & =1, (8) reduces to that of proportional
fairness, while for & = o, it results in the max-min
fairness optimization problem. Hence, the o utility
function is capable of treating the fairness issues of
NOMA in a generic way.

+ Weighted sum rate: The key idea behind the weighted
sum rate is to consider an additional positive weighing
factor for each user’s achievable rate, which reflects
the priority of each user in the context of resource
allocation [161]. By doing so, a certain grade of fair-
ness can be achieved from the specific perspective of
the media-access control (MAC) layer.

« Jain’s fairness index comparison: Jain’s fairness
index [162] is widely used for striking a tradeoff
between the sum rate and fairness of a communication
system. Motivated by this, many NOMA contributions
characterized their PA in terms of Jain’s fairness index
[103], [108], [163]. However, Jain’s fairness index is
only a metric of evaluating a system’s fairness, which
cannot prevent the weak users from having low rates.
More intelligent algorithms are required for fair PA
among the users.

2) Cognitive-Radio-Inspired Power Control: The objec-
tive of CR-inspired power control relying on NOMA is to
guarantee the QoS of weak users by constraining the power
allocated to the strong user. Inspired by the CR concept
[166], NOMA can be regarded as a special case of CR net-
works [24], [167]. More specifically, still considering a
downlink scenario supporting two users, Fig. 10 compares
conventional CR and CR-inspired NOMA. The BS can be
viewed as the combination of a primary transmitter (PT) and
a secondary transmitter (ST), which transmits the superim-
posed signals. The strong user (user n) and the weak user
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AN ) @
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PT \\\ e PR SR (User n)

A
[——
ST SR PR (User m)
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Fig. 10. Ccomparison of convectional CR and CR-inspired NOMA.
(a) Conventional CR. (b) CR inspired NOMA.
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(user m) can be regarded as a secondary receiver (SR) and a
primary receiver (PR), respectively. By doing so, the strong
user n becomes capable of accessing the spectrum occupied
by the weak user m under predetermined interference con-
straints, which is the key feature of the classic underlay CR.
The concept of CR-inspired PA in NOMA was proposed by
Ding et al. [24], who investigated the PA of user-pairing-
based NOMA systems.

The key advantages of cognitive PA are summarized as
follows.

+ Guaranteed QoS: By applying cognitive PA, the QoS
requirements of the weak user are guaranteed, which is
especially vital in real-time safety-critical applications.

+ Fairness/throughput tradeoff: Cognitive PA is capable
of striking a beneficial tradeoff between the overall
system throughput and the individual user fairness,
where the targeted data rate of the weak user has to be
satisfied by appropriate PA.

+ High flexibility: Cognitive PA offers a high degree of
freedom for the BS to explore the opportunistic sup-
port of the strong user.

+ Low complexity: Compared to the optimal PA
approach, cognitive PA imposes a lower complexity
during PA. This becomes particularly useful when the
channel ordering and PA constraints are not convex
and hence finding an appropriate PA scheme becomes
a challenge, especially in multiple-antenna-aided
NOMA scenarios.

Motivated by its advantages mentioned above, the cog-
nitive PA policy was invoked for characterizing MIMO-
NOMA systems in [107] and [127]. Particularly, in addition
to investigating the convectional downlink cognitive PA
conceived for MIMO-NOMA scenarios, Ding et al. [107]
also designed a more sophisticated CR NOMA PA scheme
for uplink MIMO-NOMA scenarios. In [127], in an effort
to find a PA strategy suitable for SU-MIMO IoT scenarios, a
cognitive PA policy was designed for ensuring that SIC may
indeed be carried out at the strong user.

B. User Scheduling in Dynamic Cluster/Pair-Based
Hybrid MA Networks

Due to the low-complexity design of NOMA and the
new degree of freedom by the power dimension, it is widely
accepted both by the academia and industry that NOMA con-
stitutes a convenient “add-on” technique for establishing spec-
tral efficient hybrid MA networks. In an effort to design hybrid

Table 7 summary of Resource Control Solutions for NOMA

MA networks, the users have to be assigned to different pairs/
clusters. By doing so, how to pair/cluster the users becomes
an interesting problem, which is valuable to examine. Several
excellent contributions have researched the potential issues
aiming for obtaining efficient user pairing/clustering strate-
gies with the objective of improving the performance of both a
single pair and of the entire networks, as detailed below.

1) A Single-User Pair’s Performance: User pairing is capa-
ble of beneficially reducing the complexity of the NOMA
design, when establishing advanced hybrid MA networks.
By focusing on fully exploiting the potential gains of
NOMA over conventional OMA from the perspective of
a single-user pair, Ding et al. [24] investigated both the
sum rate and the individual rates of the two users. It was
demonstrated that a higher sum-rate gain can be attained
by NOMA over OMA, when the channel conditions of the
pair of NOMA users are rather different, which is in line
with our expectation in the context of SIC-aided detection.
In [110], the impact of spatial location on a pair of NOMA
users was examined by employing a stochastic geometry
model, in conjunction with three different user selection
schemes. In [111], Qin et al. examined the secrecy perfor-
mance of a specifically selected user pair in large-scale net-
works and showed that the secrecy diversity order of the
user pair was determined by the user having the weaker
channel. User pairing was invoked for MIMO-NOMA
scenarios in [107] and [127]. We note that the user par-
ing techniques of [24], [107], [110], [111], and [127] can
be further improved by PA, which is hence a promising
research direction.

2) User Clustering/Pairing From the Perspective of the
Overall System’s Performance: Note that allocating NOMA
users to different orthogonal RBs (e.g., subchannels/
subcarries/clusters) generally turns out to be a nonde-
terministic polynomial-time (NP)-hard problem. It is
computationally prohibitive to obtain optimal results by
performing an exhaustive search, when the number of
users and RBs becomes high, especially when the number
of user/RBs is dynamically fluctuating. Hence, investigat-
ing efficient low-complexity user allocation algorithms,
which are capable of achieving attractive performance-
complexity tradeoffs is necessary. Some of the research
contributions in the field of resource allocation can be
found in [159], [164], and [168]-[177]. We list some of the
promising approaches as follows. The characteristics of
those approaches are also summarized in Table 7.

UA approaches Advantages

Disadvantages Ref.

Combinatorial relaxation | Convert to convex problem

Existence of duality gap

Monotonic optimization Optimal solution

Relatively high complexity [161]

Matching theory Achieve near-optimal performance

Requires predefined preference list [169], [172], [173], [183]

Heuristic algorithms Flexible complexity-performance tradeoff

Unstable performance [164], [170], [171]
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+ Combinatorial relaxation: A popular method of tack-
ling this kind of issue is to relax the constraint of the
combinatorial problem by using continuous variable
of n € [0,1] instead of a binary variable of n € {0,1},
where 71 indicates whether a user is allocated to a RB
block. By doing so, the original NP-hard problem is
transferred to a convex problem and can be solved by
invoking the classic Lagrangian dual method [178].
However, this kind of relaxation will result in a non-
trivial duality performance gap between the original
problem and the simplified one.

+ Monotonic optimization: Due to the nonconvex
nature of many sophisticated resource allocation
problems, finding the optimal solution using convex
optimization theory is rather challenging. In addition
to convexity, the monotonicity is another important
property, which can be exploited for efficiently solv-
ing nonconvex optimization problems [179], [180].
Note that the resource allocation problem of NOMA
scenarios is usually nonconvex due to its interuser
interference in the same RB. In this context, Sun et
al. [161] invoked the classic monotonic optimization
approach for developing an optimal solution for their
joint power and subcarrier allocation problem. A low
complexity suboptimal approach was also proposed
for striking a performance-versus-complexity tradeoff.

+ Matching theory: Matching theory, as a power-
ful mathematical modeling tool conceived for solv-
ing the combinatorial user allocation problems, is
capable of overcoming some of the shortcomings
imposed by the widely used game theory, such as the
distributed-limited implementation and unilateral
equilibrium deviation [181]. As such, matching theory
has recently emerged as a promising technique of tack-
ling the resource allocation problem in wireless net-
works, also in NOMA scenarios [169], [182]-[184].
Particularly, Di et al. [169] invoked many-to-many
two-sided matching theory for resource allocation in
the downlink of NOMA systems. A potential short-
coming of matching theory is that both the users and
resources should have a predefined preference list.
However, these preference lists may vary as the chan-
nel conditions fluctuate, which hence requires further
research.

+ Heuristic algorithms: Heuristic algorithms are com-
monly used for solving computationally complex
problems. The core idea of heuristic algorithms is to
obtain approximate solutions for the original optimi-
zation problem at an acceptable computational com-
plexity. Inspired by this, many heuristic algorithms
such as metaheuristics [171], greedy techniques [170],
and others [164] have been adopted by researches in
NOMA scenarios for allocating resources. Given the
diverse nature of heuristic algorithms [185], they may

lead to significantly different performance-versus-
complexity tradeoffs.

It is worth pointing out that apart from applying intel-
ligent user scheduling strategies, optimizing PA for each
RB/user is capable of further improving the attainable net-
work performance. However, the joint optimization of user
scheduling and PA is a nontrivial problem. Except for [161],
which jointly considers the PA as well as user association
and obtains the optimal solution, the commonly adopted
approaches rely on decoupling this correlated problem into
a pair of subproblems [169]-[171]. As such, the aforemen-
tioned PA and user scheduling algorithms can be invoked
for finding a suboptimal solution. However, the existing
literature of resource allocation is predominantly focused
on maximizing the performance attained, while there is a
distinct lack of a systematic performance versus compu-
tational complexity analysis. Motivated by filling this gap,
Lei et al. [163] characterized the tractability of NOMA
resource allocation problems under several practical con-
straints. A combined Lagrangian duality and dynamic
programming algorithm was also proposed in [163] for solv-
ing the joint optimization of the PA and user scheduling
problem of NOMA networks.

C. Software-Defined NOMA Network Architecture

Inspired by the concepts of the emerging SDN para-
digm [186], we propose the novel SD-NOMA concept,
which provides the desired degree of flexibility for con-
trolling resources. By decomposing the resource alloca-
tion and control problem into complex tractable prob-
lems, the SD-NOMA concept makes it much easier to
create new abstractions in terms of power optimization,
interference management, user association, and dynamic
user clustering/pairing. Before introducing the proposed
SD-NOMA strategy, we first review the compelling concept
of SDR. The essential idea behind SDR is to implement the
baseband signal processing algorithms in software instead
of hardware, which hence exhibit a high grade of flexibility
and reconfigurability, when designing agile instantaneously
adaptive communication systems. In this spirit, a practi-
cal open source SDR-based NOMA prototype has been
designed for a typical two-user downlink scenario by Xiong
et al. [38], which bridges the theoretical and practical
aspects of NOMA. Both the hardware and software archi-
tectures of the NOMA prototype systems designed were
elaborated on. The link-level simulation results showed
that the performance of the SIC procedure was significantly
influenced both by the PA as well as by the modulation
scheme employed.

In contrast to the SDR-based NOMA, the key idea
of our proposed SD-NOMA network architecture is that
the SDN controller has a global view of both the available
resources and of the teletraffic across the whole network,
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Fig. 11. lllustration of software-defined NOMA network
architecture.

as shown in Fig. 11. However, each component may still
rely on the SDR-based NOMA concept. In other words, the
SD-NOMA network architecture can globally control the
SDR-based NOMA components via a central SDN control-
ler. Considering the user association and PA in the context
of a cluster-based MIMO-NOMA scheme [41] as an exam-
ple, the SDN controller becomes capable of associating the
different users with a potential cluster and allocating the
most appropriate power levels to different users, while at
the same time considering the interference arriving not only
from the users in the same cluster but also from other clus-
ters. This approach formulates the PA of NOMA as a global
optimization problem, since the SDN controller is aware
of the entire network’s state. Therefore, SD-NOMA consti-
tutes an attractive 5G network structure.

D. Discussions and Outlook

The distinctive cochannel interference characteris-
tics of NOMA usually lead to a nonconvex optimization
problem. The aforementioned research contributions have
provided numerous beneficial techniques of dealing with
the resource control problem. However, for complexity
reasons, most of these techniques opted for decoupling
the user scheduling and PA into consecutive subproblems,
which usually result in suboptimal solutions. The problem
of finding optimal solutions by jointly considering both
the user scheduling and PA is still far from being well
understood. Hence, advanced optimization techniques
requiring low-complexity algorithms are required for solv-
ing this problem.

In summary, the design of attractive NOMA solutions
hinges on finding the Pareto-optimal solutions, as discussed,
for example, in an ad hoc networking context in [187],
where none of the system characteristics can be improved
without degrading at least one of the others. In the inter-
active seven-mode networking demo, a three-component
objective function constituted by the BER, the power, and
the delay was animated.

VI. COMPATIBILITY OF NOMA WITH
OTHER TECHNOLOGIES TOWARD 5G
AND BEYOND

As one promising technique in future 5G networks, one of
the main challenges of NOMA is how well it is compatible
with other emerging techniques for meeting the require-
ments of 5G. In this section, we survey the existing research
contributions considering the coexistence of NOMA with
other 5G proposals.

A. NOMA in HetNets

Dense HetNets, as one of the hot 5G technologies [9],
are capable of significantly improving the network capac-
ity. The core idea of HetNets is essentially to move the
low-power BSs closer to the served users in order to form
small cells under the oversailing macrocells. However,
due to the cochannel nature of macrocells and small cells,
the users surfer both from interlayer interference as well
as from intralayer interference. To intelligently cope with
the interference arriving from the other cochannel layers,
in [150] Xu et al. proposed a cooperative NOMA scheme for
HetNets and minimized the interuser interference with the
aid of DPC precoding. The effect of distinctive power dispar-
ity between the macro BSs and pico BSs was investigated.

Additionally, as a benefit of aiming to take full advan-
tage of both massive MIMO and HetNets techniques
including high array gains, reliable BS-user links, etc., mas-
sive MIMO-aided HetNets solutions are promising for the
emerging 5G systems [188]. The basic philosophy of massive
MIMO-assisted HetNets is to install hundreds/thousands of
antennas at the macro BSs for offering an unprecedented
level of spatial degrees of freedom, while using a single
antenna at the densely positioned small-cell BSs. In an effort
to further enhance the bandwidth efficiency of small cells,
a promising NOMA-aided and massive MIMO-based frame-
work was proposed in [189], where a massive MIMO sys-
tem was adopted by the macrocells to simultaneously serve
N users and then user-pairing-based NOMA transmissions
were adopted by the small cells, as shown in Fig. 12. More
specifically, stochastic geometry was invoked for modeling
the K-tier HetNets considered and to analyze the efficiency

User 7 signal
detection

Massive MIMO

Fig. 12. lllustration of NOMA and massive MIMO-based hybrid
HetNets.
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attained. The key feature of this framework is that it inte-
grates the potential advantages of both NOMA (e.g., high
bandwidth efficiency, faireness/throughput tradeoff, etc.)
and of HetNets (low power consumption, spatial spectrum
reuse, etc.) while simultaneously relying on a sophisticated-
cluster-based MIMO-NOMA precoder design [40], [41],
[107], [125], [127], [135].

B. NOMA in Millimeter-Wave Communications

MmWave communications have been recognized as a
promising technique in 5G networks and beyond due to their
large bandwidths in the high-frequency spectrum [190]. The
severe propagation path loss of mmWave channels and their
low penetration capabilities [191] necessitate the redesign of
MA techniques, especially when aiming to support massive
connectivity in dense networks, where hundreds/thousands
of users have to be served within a small area. NOMA can
be regarded as a potent MA technique capable of coexisting
with mmWave networks due to the following reasons.

+ The highly directional beams used in mmWave com-
munications lead to correlated channels, which may
degrade the performance of convectional OMA sys-
tems, but they are amenable to NOMA.

+ The sharp beams of mmWave networks effectively
suppress the interbeam interference among users,
which is suitable for supporting NOMA in each beam.

+ The application of NOMA in mmWave is capable of
enhancing the bandwidth efficiency and supporting
massive connectivity.

Inspired by this, some initial research contributions
examining NOMA in mmWave networks have been dissem-
inated in [113] and [192]. In [113], Ding et al. investigated
the coexistence of NOMA and mmWave solutions relying
on random beamforming. Due to the potential line-of-sight
(LOS) blockages of mmWave systems, a thinning-process-
aided stochastic geometry model was used to evaluate the
performance. As a further advance, Cui et al. [192] inves-
tigated the performance of NOMA-mmWave networks
relying on partial CSI feedback. More particularly, the user
scheduling and PA were jointly considered with the aid of
matching theory and branch-and-bound approaches. Fig. 13
illustrates the sum rate of NOMA-mmWave versus the SNR
at different frequencies. It is demonstrated that the pro-
posed NOMA-mmWave system is capable of outperforming
conventional OMA-mmWave systems.

C. NOMA and Cognitive Radio Networks

The 2010s have witnessed the rapidly increasing pen-
etration of mobile devices (e.g., smartphones, tablets,
and laptops) all over the world, which gave rise to increas-
ing demand for spectral resources. As reported by the U.S.
Federal Communications Commission (FCC), there are
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Fig. 13. Illustration of the superiority of NOMA-mmWave over
OMA-mmWave networks both at 28 and 60 GHz. “OP” refers to
optimized power allocation. “FP” refers to fixed power allocation.
The detailed parameter settings are found in [192].

significant temporal and spatial variations in the exploitation
of the allocated spectrum. Given this fact, the CR concept—a
terminology coined by Mitola [193 ] —inspired the community
to mitigate the spectrum scarcity problem. The basic concept
of CR is that at a certain time of the day or in a geographic
region, the unlicensed secondary users (SUs) are allowed to
opportunistically access the licensed spectrum of primary
users (PUs). These CR techniques may be categorized into
the interweave, overlay, and underlay paradigms [166].

+ Interweave: The interweave CR can be regarded as an
interference avoidance paradigm, where the SUs are
required to sense the temporary slivers of the space-
frequency domain of PUs before they access the chan-
nels [194]-[197]. The concurrent transmission of SUs
and PUs is not allowed under the interweave paradigm.
Overlay: The overlay paradigm essentially constitutes

an interference mitigation technique. With the aid of
the classic dirty paper encoding technique, overlay CR
ensures that a cognitive user becomes capable of trans-
mitting simultaneously with a noncognitive PU [166].
Additionally, SUs are capable of forwarding the infor-
mation of PUs’ to the PU receivers, while superimposing
their own signals as a reward for their relaying services.
Underlay: The underlay CR operates like an intel-

ligent interference control paradigm, where the SUs
are permitted to access the spectrum allocated to PUs
as long as the interference power constraint at the
PUs is satisfied [198].

Table 8 provides a summary of the interweave, overlay,
and underlay paradigms and briefly illustrates the differ-
ences among them.

One of the core challenges in both CR and NOMA net-
works is the interference management, while improving the
bandwidth efficiency. Hence, it is natural to link them for
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Table 8 summary and Comparison of the Three Main CR Paradigms

Paradigm Concurrent Transmission | Constraints at SU Interference Management | Complexity | NOMA-CR
Underlay Not allowed Limited by the interference power constraint | Interference avoiding Low [24], [112]
Overlay Allowed No power constraints Interference mitigating High —
Interweave | Allowed Limited by the range of sensing hole Interference controlling Medium —

achieving an improved bandwidth efficiency. Liu et al. inves-
tigated the application of NOMA in large-scale underlay CR
networks by relying on the stochastic geometry model [112].
The diversity order of the NOMA users was character-
ized analytically in two scenarios. The classic OMA-based
underlay CR was also used as a benchmark to show the ben-
efits of the proposed CR-NOMA scheme. As mentioned in
Section VI, Ding et al. [24] proposed a novel PA policy for
NOMA, namely the CR-inspired NOMA PA, which consti-
tutes a beneficial amalgam of NOMA and underlay CR.

To the best of our knowledge, CR-NOMA studies only
exist in the context of the underlay CR paradigm. Hence,
both the interweave and overlay CR paradigms have to be
investigated in NOMA networks. It is worth pointing out
that a significant research challenge of NOMA is to dynami-
cally cluster/pair the NOMA users first, followed by dynami-
cally allocating the clusters/pairs to different orthogonal
subchannels. In the context of the interweave paradigm,
intelligent sensing has to be applied first, followed by user
clusering/pairing of NOMA users, depending on the specific
channel conditions sensed.

D. NOMA-Based Device-to-Device Communication

Due to the recent rapid increase in the demand for local
area services under the umbrella of cellular networks, an
emerging technique, namely device-to-device (D2D) com-
munication, may be invoked for supporting direct commu-
nications amongst devices without the assistance of cellular
BSs [199]. The main advantages of integrating D2D commu-
nications into cellular networks are: 1) low-power support
of proximity services for improving the energy efficiency;
2) reusing the frequency of the oversailing cellular net-
works in an effort to increase the bandwidth efficiency; and
3) the potential to facilitate new types of peer-to-peer (P2P)
services [200].

Note that one of the common features of both D2D and
NOMA is that of enhancing the bandwidth efficiency by
managing the interference among users within each RB.
Motivated by this, it is desirable to invoke intelligent joint
interference management approaches for fully exploiting
the potential benefits of both D2D and NOMA. In [183],
Zhao et al. designed a novel NOMA-based D2D communi-
cation scheme, where several D2D groups were permitted
to share the same RB with the cellular users. In contrast to
the conventional D2D pair’s transmission, the novel “D2D
group” concept was introduced, where a D2D transmitter
was able to simultaneously communicate with multiple
D2D receivers with the aid of NOMA. It was demonstrated

that the proposed NOMA-based D2D scheme is capable
of delivering higher throughput than conventional D2D
communication.

E. Discussions and Outlook

The aforementioned techniques are capable of improv-
ing the bandwidth efficiency by exploiting NOMA, but
they will also pose some challenges. For example, adopting
NOMA in HetNets, CR networks, and D2D communication
scenarios will impose increased cochannel interference on
the existing networks. Hence, intelligent interference man-
agement is desired.

Apart from the aforementioned solutions, there are
other emerging techniques, such as C-RAN, full-duplex, and
other solutions. As the extension of [161], Sun et al. [201]
studied the multiple carrier NOMA resource allocation
problem for the scenario, where a full-duplex BS supported
several half-duplex users. While the current research contri-
butions have laid a solid foundation, numerous open ques-
tions have to be resolved.

VII. IMPLEMENTATION CHALLENGES
AND STANDARDIZATION OF NOMA

Although NOMA has been recognized as a promising can-
didate for 5G and beyond, there are still several implemen-
tation challenges to be tackled. In this section, we identify
some of the implementation issues and point out some
potential approaches to solve them. Moreover, the standard-
ization progress of NOMA will also be discussed in this sec-
tion to show how NOMA paves the way to 5G and beyond.

A. Error Propagation in SIC

SIC is the key technique of user detection in NOMA sys-
tems. Nevertheless, a main drawback of implementing SIC
is the interuser error propagation issue, which propagates
from one user to another, because a decision error results in
subtracting the wrong remodulated signal from the compos-
ite multiuser signal, hence resulting in residual interference
[202], [203]. More specifically, if the messages of previous
users are not correctly decoded, the reconstruction of those
signals will result in flawed decoding of the remaining users’
messages, which leads the accumulation of the decoding
errors. Most existing research contributions in the context
NOMA are based on the assumption that the SIC receivers
are capable of perfectly canceling the interference. Actually
this assumption cannot be readily satisfied in practice due to
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the inaccurate PA and imperfect channel decoding. Several
researchers have recognized the opacity of error propaga-
tion issues and investigated the effect of imperfect SIC on
uplink NOMA [114] systems, on full-duplex NOMA net-
works [204], and on C-RAN NOMA networks [205].

Some recent research contributions have identified
several possible techniques for solving the error propaga-
tion issues. The first one is to use multistage channel esti-
mation to improve the SIC [206] at the cost of increasing
the complexity. The second possible approach is to apply
iterative SIC-aided receiver to overcome the error propaga-
tion effects, as proposed by Zhang and Hanzo [34]. Another
strategy is to take the channel estimation error into con-
siderations when designing the power control algorithms,
which was proposed by Buehrer [207]. More particularly,
more power is allocated to the users who carry out SIC later
for compensating the residual interferences. Nevertheless,
invoking this approach imposes a capacity payoff [33].

B. Channel Estimation Error and Complexity
for NOMA

Channel estimation plays a more significant role in
NOMA than in OMA systems, since the channel estima-
tion errors will result in ambiguous user ordering as well
as inaccurate power control, which will in turn affect the
SIC decoding accuracy. Naturally, perfect CSI cannot be
obtained in practice. High-performance near-optimal con-
ventional channel estimation algorithms impose an unac-
ceptable system overhead and computational complexity on
NOMA systems, especially for MIMO-NOMA scenarios. In
order to solve those problems, researchers dedicated their
efforts mainly to the following three aspects.

The first approach is to propose more effective chan-
nel estimation designs for striking a good complexity/per-
formance tradeoff. As mentioned in Section III, CS can be
applied as an effective technique of reducing the complexity
[142]. The second approach is to rely on partial CSI. This
is motivated by the fact that the large-scale fading fluctu-
ates less rapidly than the small-scale fading. As mentioned
in Section II, the use of partial CSI in downlink NOMA was
studied in [91]-[93]. The third approach is to use limited
feedback for reducing the overhead [94]. Finally, iterative
joint decision-directed channel estimation and data detec-
tion can be invoked as detailed in [75].

C. Security Provisioning for NOMA

Security issues are of great significance in each gen-
eration of networks. The broadcast nature of the wireless
medium makes it vulnerable to eavesdropping. Physical
layer security (PLS), which was proposed by Wyner in as
early as 1975 [208], has become an appealing technique of
improving the confidentiality of wireless communications.
In contrast to the traditional approaches, which design

cryptographic protocols in the upper layers, PLS aims to
exploit the specific characteristics of wireless channels in
the physical layer for transmitting confidential messages.
The key idea of achieving perfect secrecy in wiretap chan-
nels is to ensure that the capacity of the desired channel is
higher than that of the eavesdropper’s channel. Triggered by
the rapid development of wireless networks, PLS has been
considered in diverse scenarios [209]-[213].

Motivated by the security concerns of wireless commu-
nications, PLS measures have also been proposed for NOMA
networks in order to combat eavesdropping [111], [139],
[139], [214]-[216]. In [111], Qin et al. examined the PLS of
single-antenna NOMA in large-scale networks by invoking
stochastic geometry, where the BS communicates with ran-
domly distributed NOMA users. A protected zone may be
adopted around the BS, where the intended users benefit
from a high capacity in order to establish an eavesdropper-
exclusion area to enhance the PLS with the aid of careful
channel ordering of the NOMA users. As a further devel-
opment, Liu et al. [139] investigated the PLS of multiple-
antenna NOMA scenarios, where artificial noise was gener-
ated at the BS for degrading the channels of eavesdroppers.
Zhang et al. [214] investigated the PLS of SISO-NOMA net-
works, where the secrecy sum rate was maximized and the
optimal PA was characterized in closed-form expressions.

D. Maintaining the Sustainability of NOMA
With RF Wireless Power Transfer

One of the key objectives of future 5G networks is to
maximize the energy efficiency and to support energy-con-
strained wireless devices. Energy consumption is a critical
factor in maintaining the sustainability of wireless networks,
especially for the devices, which invoke a high cost of replac-
ing the batteries. EH is an effective technique of extending
the battery recharge period. Hence, it has recently received
remarkable attention [217]-[222]. However, the traditional
EH techniques relying on solar-wind-vibration and ther-
moelectric effects, which depend on the location, environ-
ment, time of the day, etc. In contrast to the conventional
EH techniques, radio-frequency (RF) wireless power trans-
fer (WPT) provides a more flexible approach for powering
energy-constrained devices. Another motivation behind this
approach lies in the fact that most devices are surrounded
by ubiquitous RF signals. As a consequence, even interfering
signals can be regarded as the potential EH sources.

To elaborate, NOMA relying on RF WPT techniques in
wireless networks has been studied in [108], [110], [223],
and [224]. Particularly, in [223], the application of WPT to
NOMA networks was investigated, where the users are ran-
domly located. As a further development, in [110], a new
cooperative simultaneous wireless information and power
transfer (SWIPT)-based NOMA protocol was proposed. In
order to elaborate on the impact of user association, three
user selection schemes based on the user distances from the
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base station were proposed in [110]. The analytical results
of [110] confirmed that invoking SWIPT techniques did not
degrade the diversity gain compared to that of conventional
NOMA. In [108], the uplink of NOMA transmission was
considered in the context of energy constrained users, who
can harvest energy from the BS by adopting the “harvest-
then-transmit” protocol. The results demonstrated that
NOMA is also capable of providing considerable through-
put, fairness, and energy-efficiency improvements.

E. State of the Art for Standardization of NOMA

NOMA has recently been included into LTE-A, terms
MUST [225]. More specifically, at the 3GPP meeting in May
2015, it was decided to include MUST into LTE Advanced.
Afterwards, at the 3GPP meeting in August 2015, 15 different
forms of MUST have been proposed by Huawei, Qualcomm,
NTT DOCOMO, Nokia, Intel, LG Electronics, Samsung,
ZTE, Alcatel Lucent, etc. Finally, at the 3GPP meeting in
December 2015, NOMA was included into LTE Release 13
[226]. It is worth noting that the MUST technique may be
made compatible with the existing LTE structure. In other
words, NOMA allows two users to be served at the same
OFDM subcarrier without changing the current structure.
Various nonorthogonal transmission schemes have been
proposed for the MUST items [225], [226], which can be
generally classified into three categories [227], namely:
1) superposition transmission with an adaptive power ratio
on each component constellation and non-Gray-mapped
composite constellation; 2) superposition transmission with
an adaptive power ratio on component constellations and
Gray-mapped composite constellation; and 3) superposition
transmission with a label-bit assignment on composite con-
stellation and Gray-mapped composite constellation. The
examples of transmitter processing candidate can be found
in [23, Fig. 6]. The NOMA-like MUST architecture works as
follows. The coded bits of near users and far users are first
separately input in a bit converter and then modulated with
the aid of quadrature amplitude modulation (QAM) or quad-
rature phase shift keying mapper (QPSK). The modulated
symbols are superposed with allocating appropriate powers
to transmit. Actually, the first category can be regarded as a
special case of the second category, since coded bits in the
first category are modulated directly to mappers without
inputting into the bit converter. Both of these two categories
are capable of supporting flexible power partition among
users [228]. For the third category, it is a bit-partition-based
scheme which is in contrast to the power partition scheme
adopted in the first and second categories. Regarding the
detailed differences among the mentioned three schemes,
interested readers may refer to [23] and [228] to identify
the transmit structures of the three schemes. Regarding
receivers, interference cancelation is required to be car-
ried out. The interference scenarios are different between
network-assisted interference cancellation system (NAICS)

and MUST since the receivers of NAICS and MUST are
employed by different groups of users. More particularly, for
a two-user case which consists of a cell-edge user and a cell-
center user, NAICS receivers are typically used for cell-edge
users while MUST is typically used for cell-center users. By
doing so, the network performance can be enhanced.

In addition to LTE-A, NOMA had also been included
in the forthcoming digital TV standard, by the Advanced
Television Systems Committee (ATSC) 3.0 [229], termed
as layered division multiplexing (LDM) for providing sig-
nificant improvements in terms of service reliability, system
flexibility, and spectrum efficiency. This standard will gen-
erate significant impact on digital TV industry. Moreover,
in the white paper of NTT DOCOMO, NOMA has been
identified as a key technique for 5G. The system-level per-
formance of NOMA has also been demonstrated by NTT
DOCOMO [90]. It is worth pointing out that the key chal-
lenges of implementing NOMA in industry is the fact that
the decoding complexity increases at receivers as the num-
ber of users increases. Another potential challenge is that
the security and privacy of far users should be protected at
near user side due to the characteristic of SIC, which may
depend on key generations from the upper layer. Although
NOMA is reviewed as a promising candidate for 5G and
beyond, there are various forms of NOMA (which will be
detailed in Section VIII). The standardization process for
NOMA is still ongoing.

F. Discussions and Outlook

In addition to the aforementioned implementation
issues, there are also other imperfections to be dealt with
for NOMA. Since NOMA relies on MA at different power
levels, the strength of the received signals is deliberately
different, which bring about new challenges for accurate
analog-to-digital (A/D) conversion. On the one hand, for
strong signals, a large voltage range is needed. On the other
hand, for weak signals, high-resolution ADCs are required
for supporting accurate quantization at small levels. In
practice, considering the cost and system complexity, it is
impossible to apply ADCs, which have both large voltage
range as well as high resolution. The quantization errors are
unavoidable. It is important to seek a good performance/
complexity tradeoff.

Accurate synchronization is another significant issue in
NOMA, which is to a degree neglected in the existing litera-
ture. Actually, perfect synchronous transmissions cannot be
achieved in practice due to the dynamic mobile environment
of users, especially for uplink NOMA transmission. In order
to solve the synchronization issues, two possible approaches
can be adopted. The first one is to propose accurate pilot
design for reducing the time synchronization errors. The
second approach is to investigate novel asynchronous com-
munication schemes. Haci et al. [230] proposed a new IC
scheme for asynchronous NOMA-aided OFDM systems.

2372 PROCEEDINGS OF THE IEEE | Vol. 105, No. 12, December 2017



Hanzo et al.: Nonorthogonal Multiple Access for 5G and Beyond

It was demonstrated that the system performance largely
depends on the relative time offset among the interfering
users. Other imperfections such as the impact of filtering
distortion between transmitters and receivers on the per-
formance degradation of NOMA systems are still unknown,
which is a promising future direction to consider.

VIII. PRACTICAL FORMS OF NOMA

In the previous sections, power-domain NOMA has been
investigated from diverse perspectives, including multiple-
antenna techniques, CR NOMA, the resource management
problems of NOMA and the coexistence of NOMA as well as
other 5G solutions. In practice, NOMA can be implemented
in various forms, such as code-domain and power-domain
NOMA, as summarized in this section. We may classify the
practical forms of NOMA also into single-carrier and multi-
ple-carrier NOMA. Their advantages and disadvantages will
be discussed in this section.

A. Single-Carrier NOMA

We commence our discussions from the single-carrier
NOMA design, which will lay the foundations for the
multiple-carrier NOMA design in Section VIII-B.

1) IDMA: The key idea of the IDMA scheme relies on
a unique user-specific chip interleaver for distinguishing
the signals of different users [231]. Hence, IDMA may be
viewed as chip-interleaved CDMA, which has the benefit of
a high diversity gain, because if one or two chips are cor-
rupted, the corresponding spreading sequence could still be
recovered with the aid of low-complexity chip-by-chip itera-
tive multiuser detection (IMD) strategy. A comprehensive
comparison of IDMA and CDMA was presented in [232] in
terms of its performance versus complexity.

2) LDS-CDMA: LDS-based CDMA constitutes an
enhanced version of CDMA [233], which is inspired by
the investigations of the low-density parity-check (LDPC)
codes [234]. For conventional CDMA, one possible solu-
tion is to assign orthogonal spreading sequences for each
user, and hence low-complexity receiver can be invoked at
receivers for eliminating interference. Nonetheless, this
orthogonal spreading code design is only capable of sup-
porting an equal number of users and chips, which moti-
vates the development of the nonorthogonal spreading code
design. So-called sparse spreading sequences are employed
instead of the dense spreading sequences of conventional
CDMA, such as orthogonal variable spreading factor
(OVSF) codes. However, such design requires sophisti-
cated multiuser decoding at receivers. For LDS-CDMA, a
message passing algorithm (MPA) based on the multiuser
detection technique can be applied at the receiver, which
is capable of achieving the near-maximum-likelihood (ML)
detection performance.

3) LPMA: Lattice-partition-based multiple access
(LPMA) is a new downlink nonorthogonal multiuser super-
position transmission scheme, which was proposed by
Fang et al. [235]. LPMA achieves a beneficial multiplexing
gain both in the power domain and in the code domain.
More explicitly, power-domain multiplexing has the poten-
tial of increasing the throughput by superimposing differ-
ent-power streams. By contrast, code-domain multiplexing
superimposes several streams by exploiting that the linear
combination of lattice codes also results in a lattice code.
More specifically, LPMA encodes the information of users
by applying lattice coding at the transmitters and invokes
SIC at the receivers for detection. It is worth pointing out
that a specific advantage of LPMA is that it has the potential
of circumventing a specific impediment of power-domain
NOMA, namely that the performance gain attained relies
on the channel quality difference of users. However, LPMA
imposes a higher encoding and decoding complexity than
power-domain NOMA.

B. Multiple-Carrier NOMA

Given the remarkable advantages of OFDM, this
mature wave form design is likely to be incorporated
in 5G networks. Explicitly, one of the main benefits of
multiple-carrier techniques is that instead of the short
dispersion-sensitive symbols of serial modems, many paral-
lel long-duration dispersion-resistant symbols are transmit-
ted over dispersive channels. Hence, these long-duration
symbols are only mildly affected by the same CIR and can be
readily equalized by a single-tap frequency-domain equal-
izer. The NOMA techniques are expected to coexist with
OFDM. In this sections, several forms of multiple-carrier
NOMA designs are discussed.

1) LDS-OFDM: LDS-OFDM ([236] is essentially a combi-
nation of LDS-CDMA and OFDM, which can be regarded
as an advanced variant of LDS-CDMA in a multiple-carrier
form. Therefore, the same sparse spreading sequences are
applied at the transmitters and the same MPA-based detec-
tion is adopted at the receivers. The data-stream mapping
process consists of two steps: a) each bit of the data streams
is first spread by the low density spreading sequences; and
b) the data streams are then transmitted over different sub-
carriers by applying an OFDM modulator. There are several
techniques of mapping the spreading sequences to OFDM,
each having different pros and cons. For example, each
chip may be mapped to a different subcarrier for achieving
frequency-domain diversity. Alternatively, each subcarrier
may convey a spread low-rate stream. However, this design
results in a higher complexity due to the application of the
MPA detection compared to a conventional OFDMA design.

2) SCMA: SCMA [237] also relies on sparse spread-
ing codes for ensuring that each RB can support more
than one user with the aid of low density spreading, hence
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Table 9 Comparison of the Existing NOMA Solutions

Paradigm Carrier | Spreading | Modulation | Flexibility | Complexity | Decoding | Key Advantages Main Chall

PD-NOMA SC Not used Separated High Low SIC High Spectral Efficiency Error Propagation
IDMA SC Low-rate Separated Medium Low IMD High Diversity Gain Interleaver Design
LDS-CDMA | SC Sparse Separated High Medium MPA CSI is not required Coding Redundancy
LPMA SC Lattice Separated Medium Medium SIC Gain benefits PD and CD Specific Channel Coding
LDS-OFDM | MC Sparse Integrated Low Medium MPA Wideband Signals Suitable Coding Redundancy
SCMA MC Sparse Integrated Low High MPA Enhanced Diversity than LDS | Codebook Design
PDMA MC Sparse Separated Medium High MPA-SIC | Multi-dimension Diversity Patterns Design

resulting in a scheme similar to LDS-CDMA and LDS-
OFDM. Considering an example of six users and four subcar-
riers, a typical signature matrix can be illustrated as follows:

1 0 0 0 1 O
_|/r 0 1. 1 0 1
S_01101 1| ©
01 0 1 0 O

It is worth noting that for S in (9), each column has only
two nonzero entries, which implies that each user is only
allowed to occupy two subcarriers. This is one of the key
characteristics of SCMA. In addition to these sparse spread-
ing sequences, SCMA also relies on multidimensional con-
stellations for generating its codebooks in order to achieve
a so-called constellation shaping gain. More particularly,
SCMA allows the employment of fewer constellation points
to be used at a given throughput. For example, the four-level
quadrature amplitude modulation (4-QAM) constellation
can be reduced to a smaller constellation, because some bits
can be conveyed in the sparse-code domain. However, this
requires sophisticated codebook design [238]-[240]. SCMA
relies on the joint encoding of the signals of multiple sub-
carriers, hence joint decoding is required at the receivers.
For this large joint alphabet MPA-based detection is capa-
ble of achieving near-ML performance at a fraction of the
ML complexity.

3) PDMA: PDMA is another form of sparse-signature-
matrix-based multiple-carrier NOMA [22]. Again, we use
the previous example of six users and four subcarriers rely-
ing on the pattern matrix of

1 0 1 0 0 O
~lt 1.1 1 0 0O
P_11 1 0 1 1f (10)
1 1.0 1 0 0

At the transmitter side, in contrast to the matrix design
of SCMA in (9), where the number of users in each RB has
to be the same, PDMA allows a variable number of users to
be mapped to each RB. For example, the first user in (10) is
seen to activate all the subcarriers for transmission, while
the sixth user only activates a single subcarrier. Another
main difference between PDMA and SCMA is that PDMA
does not aim for achieving a constellation shaping gain,
which beneficially avoids the complex multidimensional
constellation design of SCMA. At the receiver side, the MPA
may also be adopted for joint decoding, which is similar to

LDS-CDMA and SCMA. Moreover, other MPA-SIC detec-
tion strategies or the turbo detection design of [241] can also
be used for improving the decoding performance.

C. Discussions and Outlook

While we have provided a detailed introduction to the
most popular power-domain NOMA variants, there are also
other NOMA schemes, such as multiuser superposition
transmission (MUST) scheme of [225], the MUSA arrange-
ment of [21], etc. Table 9 compares their key characteris-
tics at a glance, where “SC” refers to single-carrier schemes
and “MC” refers to multiple-carrier schemes. Note that
each form has its own advantages and disadvantages. For
example, SCMA is an open-loop grant-free access scheme,
which is suitable for uplink transmission, and it relies both
on sophisticated codebook design as well as on joint MPA
detection. MUST is capable of enhancing the bandwidth
efficiency but it can only be used for downlink transmission.
As a consequence, a unified NOMA framework is sought,
which is capable of supporting the access of numerous users
in general scenarios. This is a promising future problem for
researchers to contribute to. Additionally, more research
contributions are also needed on the following aspects:
1) optimal codebook/coding designs for SCMA and PDMA;
2) hybrid MPA-SIC designs are sought for low-complexity
decoding; and 3) the joint designs of new modulation and
MA schemes.

IX. SUMMARY AND CONCLUSION

In this paper, the recent literature of power-domain mul-
tiplexing-aided NOMA proposed for 5G systems has been
surveyed with an emphasis on the following aspects: the
basic principles of NOMA, the amalgams of multiple
antenna techniques and NOMA, the interplay of NOMA
and cooperative communications, the resource control of
NOMA, its coexistence with other key 5G techniques, and
the implementation challenges and standardization. Apart
from surveying the existing NOMA contributions, we have
highlighted the key advantages of NOMA itself as well as
the inherent features of other techniques in Section II.
Investigating the inherent integration of multiple-antenna-
aided and cooperative techniques with NOMA is particularly
important, since they are capable of providing extra spatial
diversity, either with the aid of centralized or distributed
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beamforming designs. It is worth pointing out that when
designing centralized beamformers, the most influential
factor is the appropriate ordering of the matrix-based chan-
nels. Design guidelines were provided both for multiple-
antenna-aided and cooperative NOMA in Sections IIT and
IV, respectively.

Bearing in mind that NOMA multiplexes users associ-
ated with different power levels with the aid of superpo-
sition coding techniques, the power sharing among the
users should be carefully optimized for each scenario. For
example, in practical scenarios, a laptop displaying high-
definition online video may share an RB with low-rate wire-
less sensors. Clearly, these applications have very different
target rates, and processing capabilities. More particu-
larly, high-capability laptops and smartphones can readily
carry out SIC, but this is quite the contrary for sensors. As
such, intelligent resource control including PA and user
scheduling should be investigated by taking into account the
recommendations listed in Section V. What is also worth
emphasizing is that the proposed software-defined NOMA
strategy is capable of dealing with all the aforementioned
issues from a global perspective for the sake of holistically
optimizing the performance of the entire network.

The benefits of invoking NOMA in combination with
the emerging large-scale MIMO, cooperative transmission,

wireless power transfer, HetNets, etc., were discussed.
However, given the fact that NOMA imposes extra intrauser
interference on the system, it brings about a range of open
challenges, especially those related to sophisticated interfer-
ence management. This problem would become more chal-
lenging in CR, D2D, and HetNets scenarios. Indeed, the
related research of NOMA relying on sophisticated interfer-
ence coordination is still in its infancy and hence has to be
more deeply investigated, as recommended in Section VI.

The implementation issues of NOMA such as error
propagation, channel estimation errors, security issues, etc.,
were discussed in Section VIII. Moreover, the standardiza-
tion progress of NOMA was also discussed. It was noted that
there are still several gaps between research and implemen-
tation to fill in, which require more effort in this field, as
described in Section VIII.

Apart from power-domain NOMA, other NOMA
schemes have also been advocated both by the industry and
academia, as described in Section VIII. All NOMA schemes
discussed in this treatise share the same spirit of nonorthog-
onal transmissions to enhance the attainable bandwidth
efficiency and to provide connectivity for numerous users
within the limited number of RBs. Naturally, the problem
of designing a unified NOMA framework would be benefi-
cial for supporting 5G scenarios. [ |
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