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Abstract: As a promising physical layer technique, nonorthogonal multiple access (NOMA) can admit multiple
users over the same space-time resource block, and thus improve the spectral eﬃciency and increase the number
of access users. Speciﬁcally, NOMA provides a feasible solution to massive Internet of Things (IoT) in 5G and
beyond-5G wireless networks over a limited radio spectrum. However, severe co-channel interference and high
implementation complexity hinder its application in practical systems. To solve these problems, multiple-antenna
techniques have been widely used in NOMA systems by exploiting the beneﬁts of spatial degrees of freedom. This
study provides a comprehensive review of various multiple-antenna techniques in NOMA systems, with an emphasis
on spatial interference cancellation and complexity reduction. In particular, we provide a detailed investigation
on multiple-antenna techniques in two-user, multiuser, massive connectivity, and heterogeneous NOMA systems.
Finally, future research directions and challenges are identiﬁed.
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SNR
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Millimeter wave
Multiuser detection
Non-line of sight
Nonorthogonal multiple access
Orthogonal multiple access
Physical layer security
Power splitting
Quality of service
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Successive interference cancellation
Signal-to-interference-plus-noise
ratio
Signal-to-noise ratio
Second-order cone programming
Simultaneous wireless information
and power transfer
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Time division duplex
Time division multiple access
Time switching
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User equipment
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1 Introduction

In general, NOMA is a multiple access technique, in which multiple UEs are allowed to share
the same time-frequency resource block (Ding et al.,
2014; Timotheou and Krikidis, 2015; Vaezi et al.,
2019). As a result, the receiver receives mixed
signals coming from multiple UEs.
In other
words, NOMA inevitably gives rise to inter-user
interference, which decreases the signal quality at
the receivers. To facilitate multiuser detection
(MUD) at the receiver’s end, the received signals

Power

With the fast development of the Internet of
Things (IoT), a massive number of IoT devices are
poised to access the wireless networks for achieving advanced applications, such as smart city, smart
traﬃc, and smart medicine (Xu LD et al., 2014;
Zanella et al., 2014; Catarinucci et al., 2015). The
growth rate of IoT devices is tremendous, and it
is predicted that in the next decade, at least 100
billion devices will connect to various wireless networks (Chen X , 2019). As shown in Fig. 1, the
IoT network is evolving to the Internet of everything. In this context, the biggest wireless network
in the world, e.g., the ﬁfth-generation (5G) or even

beyond-5G (B5G) wireless network, takes the cellular IoT as its core technique to support massive connections (Palattella et al., 2016; Chen SZ and Kang,
2018; Wan D et al., 2018). For example, the 5G narrowband IoT (NB-IoT) is required to admit 50 000
devices in a cell (TR, 2015). With the explosive
growth of the number of IoT devices, the nextgeneration cellular IoT should realize ultradense access. In this context, it is desirable to adopt a
spectral-eﬃcient multiple access technique to support massive connections over limited radio spectrum. However, the currently used orthogonal
multiple access (OMA) techniques, e.g., time division multiple access (TDMA), frequency division
multiple access, and code division multiple access
(CDMA), exclusively allocate one resource block to
one user equipment (UE) to avoid possible multiuser interference but with low spectral eﬃciency.
Hence, it is an extremely challenging task for the
OMA techniques to simultaneously admit a massive
number of UEs with limited radio spectrum. To
this end, nonorthogonal multiple access (NOMA)
is proposed as an enabling multiple access technique for 5G (Dai LL et al., 2015; Ding et al., 2017d;
Liu YW et al., 2017; Ding et al., 2018). In Figs. 2
and 3, we illustrate the diﬀerences between OMA
and NOMA techniques and show the performance
gains of NOMA system on the achievable sum rate
and the required total transmit power relative to the
OMA system.
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Fig. 1 An illustration of IoT
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Fig. 2 The comparison between OMA (a) and NOMA
(b) techniques
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should be easily separated in a certain domain.
Thus, according to the domains for signal separation, NOMA can be divided into two categories,
namely, power-domain NOMA (PD-NOMA) and
code-domain NOMA (CD-NOMA). As the names
imply, PD-NOMA exploits the diﬀerences in channel gains of UEs for signal detection (Islam et al.,
2017; Shin et al., 2017b), while CD-NOMA leverages coding/spreading over multiple carriers to
achieve multiuser multiplexing (Peng et al., 2017;
Wei F and Chen, 2017).
Moltafet et al. (2018a)
compared the characteristics and advantages of the
two typical NOMA techniques and found that PDNOMA can be easily combined with the other
5G candidate techniques, e.g., massive multipleinput multiple-output (MIMO) and millimeter wave
(mmWave) approaches, to signiﬁcantly improve the
system performance. Thus, PD-NOMA has invited
considerable research from various aspects. In this
context, this study focuses on the analysis and discussion of PD-NOMA (for convenience, we call it
NOMA in the following sections).
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Generally, NOMA enables spectral-eﬃcient
multiple access by combining superposition coding performed at the transmitter and successive interference cancellation (SIC) at the receiver end
(Zhang NB et al., 2016; Zhu JY et al., 2017). To
be speciﬁc, transmit power, as the weighted coefﬁcient of superposition coding, can be optimized
to coordinate the inter-user interference, and SIC
is carried out to mitigate the interference from
users with weaker channel gains. Therefore, various power allocation schemes have been designed
based on diﬀerent performance metrics, such as
sum rate (Yang ZH et al., 2017), weighted sum rate
(Liu F and Petrova, 2018), and energy eﬃciency
(Fang et al., 2017). As is well known, the sum rate
is commonly involved in the design of multiple access systems. The problem of power allocation using weighted sum rate maximization has been previously investigated (Hu et al., 2017), and it has been
found that the problem is convex only in some special cases. Again, Hanif et al. (2016) showed that
even for the problem of maximizing the sum rate,
power allocation is nontrivial, and the optimal solution exists only when the rate constraints meet a
given condition. Thus, it is diﬃcult to provide a general power allocation scheme for multiuser NOMA
systems from the perspective of maximizing the sum

0
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Minimum of the signal-to-interference-plus-noise ratio

Fig. 3 Performance gains of the NOMA system relative to the OMA system: (a) signal-to-noise ratio;
(b) minimum of the signal-to-interference-plus-noise
ratio

rate. To this end, power allocation for maximizing the minimum rate has been studied previously
(Choi, 2016a). Fortunately, such a problem of power
allocation can be transformed as a linear programming problem for a given minimum rate requirement. Thus, based on a bisection search on the
minimum rate requirement, it is possible to derive
the optimal solution of power allocation. Specifically, this power allocation scheme can guarantee
the user data rate fairness to some extent. Similarly,
power allocation with the goal of minimizing the total power consumption subject to constraints on the
minimum rate is equivalent to a linear programming
problem, for which obtaining the optimal solution
is easy (Wang H et al., 2017). Moreover, considering the concept of green communication, a power
allocation scheme from the viewpoint of maximizing
the energy eﬃciency has been designed (Zeng et al.,
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2018). It is worth pointing out that power allocation
can only coordinate, but not mitigate, the inter-user
interference. Especially in the scenario of massive access, even with power allocation, there exists strong
residual inter-user interference after SIC. In other
words, power allocation has limited capability in improving the performance of NOMA systems.
In addition to the system performance, the implementation complexity is an important metric for
the design of NOMA systems. In general, the complexity of NOMA is caused mainly by the SIC at
the receivers. In the context of massive access, the
order of SIC is very large, resulting in high computational complexity. Especially for the receiver with
the strongest channel gain, it should cancel the interuser interference from all the other receivers, and
thus the complexity of SIC might be prohibitive. To
reduce the computational complexity, it is usual to
partition UEs into multiple clusters, with each cluster containing a small number of UEs (Tsai and Wei,
2018; Yang ZH et al., 2018; Zheng et al., 2018). If
SIC is only performed within a cluster, then the computational complexity can be signiﬁcantly reduced.
It is intuitive that the criterion of user clustering has
a great impact on both the performance and the complexity (Chen C et al., 2017). However, since user
clustering is in general an integer programming problem, optimal performance can be achieved only by
exhaustive searching, which has a prohibitive computational complexity. Thus, it is diﬃcult to design an
optimal user clustering scheme with low complexity.
To achieve a balance between system performance
and computational complexity, the number of UEs in
each cluster is usually ﬁxed at two. Thus, user clustering is reduced to user pairing (Liang et al., 2017).
Kang and Kim (2018) provided two simple user pairing schemes. Speciﬁcally, the two schemes partition
UEs into two groups, according to the sort of channel
gains. The ﬁrst scheme pairs up the strong user in the
ﬁrst group with the strong user in the second group,
while the second scheme links the strong user in the
ﬁrst group and the weak user in the second group
in the same pair. User pairing has lower complexity
compared to user clustering, but it is also diﬃcult
to design an optimal user pairing scheme. Moreover, both user clustering and user pairing cause intercluster or interpair interference, which cannot be
mitigated by SIC (Ali et al., 2016b). In other words,
user clustering reduces the complexity but with per-
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formance degradation.
To guarantee the performance of NOMA
with user clustering, it is desirable to eﬀectively mitigate the intercluster interference by some
means (Ali et al., 2016a; Chen ZY et al., 2016a;
Liu ZX et al., 2017). It is intuitive that if the clusters occupy orthogonal resources, intercluster interference can be avoided. Multiple-carrier modulation
has been applied in the NOMA system, and a carrier was allocated to only a cluster (Wei ZQ et al.,
2017). Thus, intercluster interference is completely
cancelled by a simple method. However, multiplecarrier transmission may decrease the spectral efﬁciency, and it also limits the number of UEs.
Since multiple antennas constitute a fundamental characteristic of future 5G and B5G wireless
networks (Ali et al., 2017), it is natural to adopt
multiple-antenna techniques to combat intercluster interference; thus, all clusters can share the
time-frequency resources. In fact, it has been
proved that the multiple-antenna technique has a
strong capability for mitigating interference by making use of a spatial beam (Zhang J and Andrews,
2010; Chen X and Yuen, 2014; Hosseini et al., 2014).
Hence, multiple-antenna NOMA has been widely
recognized as a feasible and powerful way of mitigating the intercluster interference and thereby improving the spectral eﬃciency (Sun Q et al., 2015;
Nguyen VD et al., 2017b; Liu L et al., 2019). Nevertheless, multi-antenna arrays may also be coupled
mutually among elements; this inﬂuence should be
considered if the communication quality and spatial beamforming ability need to be further improved (Li and Zhang, 2007; Zhu LF et al., 2015;
Mei and Wu, 2018). In general, there are two categories of multiple-antenna NOMA. The ﬁrst category of multiple-antenna NOMA scheme assigns
a spatial beam to each UE, and SIC is performed
within a cluster (Jia et al., 2019). Through spatial
beamforming, partial or even complete inter-user interference can be cancelled. For instance, if zeroforcing (ZF) beamforming is adopted at the base
station (BS) in the scenario of downlink communications, both the intercluster interference and intracluster interference are reduced. As a result, it is
likely to achieve high spectral eﬃciency. Note that
this category of multiple-antenna NOMA scheme requires the designing of a spatial beam for each UE.
If the number of UEs is large, the computational
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complexity of spatial beams might be prohibitive.
Moreover, the number of BS antennas limits the
number of spatial beams; thus, it is diﬃcult to
support massive access based on the ﬁrst category
of multiple-antenna NOMA scheme. For the second
category of multiple-antenna NOMA scheme, UEs
in a cluster share the same spatial beam, and SIC is
carried out within a cluster (Chen XM et al., 2019).
It is intuitive that such a multiple-antenna NOMA
scheme is capable of decreasing the required number
of spatial beams and thus reduces the complexity of
beam design. More importantly, it is able to admit a large number of UEs with a ﬁnite number of
spatial beams. In other words, the second category
of multiple-antenna NOMA scheme can eﬀectively
improve the spectral eﬃciency and support massive
access over limited radio spectrum. However, since
spatial beamforming cannot mitigate the intracluster interference, the second scheme may suﬀer from
severe co-channel interference. Generally, the ﬁrst
scheme can mitigate the co-channel interference but
subject to a constraint on the number of UEs, while
the second scheme can support massive access albeit
with high co-channel interference. Figs. 4 and 5 show
the characteristics of these two categories.
To exploit the beneﬁts of multiple-antenna techniques for NOMA, the multiple-antenna transmitter should have partial channel state information
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(CSI). Speciﬁcally, the multiple-antenna transmitter
designs the spatial beams for interference cancellation according to available CSI (Chen C et al., 2017;
Cui et al., 2018c; Cheng et al., 2018). The more accurate the available CSI, the lower is the suﬀered
interference. For instance, if the multiple-antenna
transmitter has full CSI, it is possible to cancel the
co-channel interference for the ﬁrst multiple-antenna
NOMA scheme and mitigate the intercluster interference for the second multiple-antenna NOMA scheme.
However, it is not a trivial task to obtain full CSI
at the transmitter. In general, the transmitter can
obtain only partial CSI in two ways. First, if the system operates in the frequency division duplex (FDD)
mode, UEs quantize the estimated CSI and then convey it to the transmitter (Yang Q et al., 2017). Due
to the limited capacity of the feedback link, UEs
can convey only partial CSI. Second, if the system
operates in the time division duplex (TDD) mode,
UEs send pilot sequences over the uplink channels,
and then the transmitter obtains the CSI about the
uplink channels through channel estimation (CE)
(Chen XM et al., 2018c). Due to channel reciprocity
in the TDD mode, the CSI about the uplink channels can be used for the downlink transmission. Similarly, the CSI at the transmitter is imperfect due
to CE error. Thus, the multiple-antenna transmitter only has partial CSI. In other words, there exists uncertainty about the multiple-antenna transmitters. As a result, there is residual co-channel
interference at UEs inevitably even with spatial interference cancellation. It is clear that the performance of the multiple-antenna NOMA systems is
dependent on the CSI accuracy. In order to improve
the overall performance, it is necessary to design an
eﬃcient CSI acquisition method, which can obtain
accurate CSI with limited resources, according to
the characteristics of the multiple-antenna NOMA
systems. Meanwhile, the spatial beam should be
constructed based on partial CSI. In general, there
are two kinds of beam design methods in the case
of partial CSI. Speciﬁcally, the ﬁrst method designs the spatial beams based on the available CSI
directly (Chen XM et al., 2017a). Since there exists CSI uncertainty at the multiple-antenna transmitter, the ﬁrst method cannot guarantee the performance of spatial beamforming, especially when
the CSI accuracy is low. To solve this problem,
the second method designs the beams with the
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principle of maximizing the worst performance according to the CSI uncertainty, namely, robust beamforming (Tian et al., 2018). Thus, the second beam
design method can provide a performance guarantee
under all CSI conditions. However, compared to the
ﬁrst method, the second method has a higher computational complexity and consumes more wireless
resources for guaranteeing the performance in the
worst case.
Generally, the multiple-antenna techniques are
capable of enhancing the performance of the NOMA
systems by making use of the spatial degrees of
freedom (DoFs). However, the DoFs of multipleantenna systems are limited by the number of antennas. Thus, in order to admit more UEs, there should
be enough DoFs. For instance, if there are a few UEs,
it is possible to achieve the performance requirement
by deploying a ﬁnite number of antennas. As the
number of UEs increases, UEs should be grouped
into several clusters for reducing the required number of beams. Furthermore, in the scenario of massive access, e.g., IoT, it is diﬃcult for the traditional
multiple-antenna systems with a ﬁnite number of antennas to satisfy the performance requirements of a
massive number of UEs. In this context, it is necessary to deploy a large-scale antenna array to signiﬁcantly increase the spatial DoFs. Thus, the multipleantenna techniques can always provide a solution for
the design of eﬃcient and reliable NOMA systems.
Multiple-antenna NOMA, due to its promising
performance metrics, has received considerable attention. So far, there have been numerous multipleantenna techniques for enabling NOMA under diﬀerent conditions. Although this topic has been studied
extensively, numerous theoretical and technical issues still remain open. Moreover, we have not seen
a complete analysis to reveal multiple-antenna techniques in NOMA systems in terms of fundamental
results, recent advances, and future trends. For example, Wei ZQ et al. (2016b) and Dai et al. (2018)
presented a primary investigation of NOMA techniques in 5G wireless networks, but they did not
focus on the potentials and challenges of multipleantenna NOMA. In fact, as discussed earlier, the
multiple-antenna technique has a great impact on
the performance of NOMA systems. In this study, we
investigate state-of-the-art research results from the
perspective of multiple-antenna NOMA and point
out potential directions and challenges for future
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works.

2 Fundamental techniques of multipleantenna NOMA systems
The principle behind multiple-antenna NOMA
is that the use of multiple-antenna techniques
mitigates the severe co-channel interference caused
by nonorthogonal transmission of multiple UEs.
Especially in PD-NOMA systems, received signals
are required to have distinct power levels for facilitating signal detection with a mixed signal. In general, if UEs have distinct access distances, it is easy
to separate the received signals in the power domain.
As seen in Fig. 6, UE1 , close to the BS, may receive
a stronger signal compared to UE2 . Thus, UE1 ﬁrst
detects the signal of UE2 , subtracts the interference
caused by UE2 ’s signal, and then recovers its own
signal. However, in practice, UEs might be close to
each other, e.g., in hotspot areas. Although power
control can be used to distinguish UEs to some extent, its capacity is limited due to the power constraint. Fortunately, by adjusting the spatial beams
of multiple-antenna NOMA systems, it is possible
to eﬀectively separate UEs even at the same access
distance. Especially, if the UE with a long access
distance requires a higher channel gain for achieving
better performance relative to the UE with a short
access distance, spatial beamforming can be applied
to enhance the channel gain of the farther UE. Generally, beneﬁts of the multiple-antenna technique for
enabling NOMA can be summarized as follows:
1. Mitigate co-channel interference.
2. Enhance the desired channel gain.
3. Separate UEs in the spatial domain.
4. Admit more UEs and networks.
5. Simplify the detection at UEs.
To achieve these beneﬁts, it is desired to apply the multiple-antenna techniques according to
UE1
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Detection Modulation
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Fig. 6 A simple two-UE system model
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the characteristics of the NOMA systems. In particular, the fundamental techniques of NOMA systems should be fully combined with the spatial DoFs
oﬀered by the multiple-antenna systems. As a simple
example, UEs are partitioned into several clusters in
the spatial domain, so as to decrease the computational complexity of SIC at UEs. In what follows, we
introduce the fundamental techniques of multipleantenna NOMA systems in detail.
2.1 Channel state information acquisition
CSI availability at the transmitters is a
precondition for the design of multiple-antenna
NOMA techniques. In particular, user scheduling, beam design, resource allocation, and signal detection need the CSI (Chen XM et al.,
2010; Chen XM and Zhang, 2010; Shi et al., 2018;
Yalcin et al., 2019). In the ideal case, the transmitters may obtain full CSI by some means (Dai et al.,
2017; Seo and Sung, 2018; Xiao ZY et al., 2018). If
the transmitter has full CSI, it is possible to completely cancel the co-channel interference by using
spatial interference mitigation techniques, i.e., ZF
beamforming (Ding et al., 2016b). The resource consumption, i.e., transmit power, also can be minimized if the system is resource constrained (Choi,
2015). However, it is not a trivial task to acquire
full CSI at the transmitter in multiple-antenna systems. This is because the estimation and conveyance
of multiple-dimensional CSI may consume considerable wireless resources, which is unacceptable in
practical systems. As a simple example, the BS
in long-term evolution-advanced (LTE-A) systems
is equipped with four or eight antennas. Then, the
CE at UEs requires four or eight orthogonal training symbols, and conveyance of the estimated CSI
in terms of a complex vector to the BS is hardly
achieved. To solve it, the CSI is usually quantized
with a codebook as a ﬁnite number of code words
(Love et al., 2008). The instantaneous CSI is represented by an optimal code word in some sense,
and thus the CSI feedback just needs a few bits. In
this way, the BS only obtains partial CSI, and the
CSI accuracy at the BS is determined by the spatial resolution, namely, the ratio of the number of
feedback bits to the number of antennas (Dai et al.,
2008). Unlike simple multiple-antenna systems, the
NOMA systems suﬀer from severe inter-user interference. Thus, NOMA systems require accurate CSI
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for designing eﬃcient transmission schemes. As a result, the amount of CSI feedback should be increased
linearly proportionally to the number of UEs. Due
to the limited capacity of the feedback link, the total
number of feedback bits is constrained. It is clear
that the equal allocation of feedback bits may lead
to a low feedback eﬃciency over the fading channels.
Especially in NOMA systems, UEs experience diﬀerent levels of inter-user interference. Speciﬁcally, the
UE with the strongest channel gain can experience
mitigation of all inter-user interference but would interfere with all the other UEs, while the UE with the
weakest channel gain would suﬀer all inter-user interference but may not interfere with any other UEs.
In other words, UEs require diﬀerent CSI accuracies
from the perspective of optimizing the overall performance (Xi and Zhou, 2016). The net throughput
based on limited CSI feedback, deﬁned as the diﬀerence between the downlink information transmission
rate and the uplink CSI feedback rate, is taken as the
optimization objective for distributing the feedback
bits (Chen XM et al., 2012). Since the net throughput is a complicated function of the feedback bits,
it is diﬃcult to obtain a closed-form solution. To
reduce the computational complexity of feedback bit
allocation, Chen XM et al. (2017a) proposed an algorithm with the goal of minimizing the total interuser interference. Note that feedback bit allocation is
an integer programming problem indeed, and the optimal solution is usually derived through numerical
searching. Thus, low-complexity algorithms provide
only suboptimal solutions.
The CSI acquisition method based quantized
feedback is usually applied in FDD systems. In
fact, several systems are operated in the TDD mode.
For instance, massive MIMO systems in 5G networks are commonly suggested to work in the TDD
mode (Lu et al., 2014; Elijah et al., 2016) because
the required number of feedback bits for meeting
a given CSI accuracy might be prohibitive in the
FDD mode. Fortunately, due to the characteristic
of channel reciprocity in the TDD mode, the CSI
about the uplink channels can be used as that of
the downlink channels. As such, the BS can directly
obtain the downlink CSI by estimating the uplink
channels based on the training method. Speciﬁcally,
UEs send orthogonal training sequences over the uplink channels, and resulting CSI accuracies are determined by the transmit energy of training sequences,
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namely, the product of transmit power and the duration (Hoydis et al., 2013). Therefore, for a given
duration of the training sequences, it is possible to
adjust CSI accuracies through power control at UEs
according to the characteristic of the NOMA systems. Although the use of orthogonal training sequences is beneﬁcial to simplify the CE, it also leads
to long training sequences. In the scenario of a large
number of UEs, the duration of orthogonal training sequences may occupy a very high proportion
of a time slot. In the worst case, the length of the
training sequence exceeds the duration of channel
coherence time. As a result, the estimated CSI is
outdated and thus invalid (Mi et al., 2017). To resolve this problem, nonorthogonal CE is introduced
into multiuser NOMA systems (Chen XM and Jia,
2018). To be speciﬁc, multiple UEs share the same
training sequence, but training sequences are orthogonal to each other. Thus, the required number of
training sequences is signiﬁcantly decreased, and the
length of the training sequences is shortened. It is
worth pointing out that sharing of the training sequence produces co-channel interference, resulting
in decrease of the CSI accuracy. Moreover, CSI accuracies related to UEs sharing the same training
sequence interrelate. Hence, it makes sense to coordinate the transmit powers of UEs for improving the
overall performance. The order of SIC in multiuser
NOMA systems has been exploited in Xiao L et al.
(2018) to optimize the transmit powers at UEs. In
general, the length of the training sequence and the
CSI accuracy are contradictory. It is necessary to
achieve a balance between the length of the training sequence and the CSI accuracy by adjusting the
number of UEs sharing the same training sequence.
However, since the optimization of the number of
UEs is an integer optimization problem, it is usual
to design a heuristic algorithm for determining the
number of UEs.
The above two CSI acquisition methods should
perform CE at the beginning of each time slot. In
some scenarios, channel states are fast time-varying,
and thus it is hard to obtain instantaneous CSI in
time. Moreover, the two methods consume considerable wireless resources during CSI estimation and
feedback, which might be unbearable in resourceconstrained NOMA systems. To alleviate the impact
of time-varying channel fading on the CSI acquisition, several works have proposed the use of channel
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statistical information to design multiple-antenna
NOMA schemes (Wei ZQ et al., 2016a; Chitti et al.,
2017; Wang XS et al., 2018). In general, channel
statistical information can be obtained by averaging numerous channel realizations. The major advantage of channel statistical information is that it
remains constant over a relatively long time period,
which sharply reduces the overhead for CSI acquisition. The ergodic capacity of MIMO NOMA systems based on channel statistical information has
been analyzed in Sun Q et al. (2015). It has been
shown that even with channel statistical information, the NOMA scheme performs much better than
the OMA scheme. Then, channel statistical information was applied to design the FDD-based large-scale
MIMO NOMA systems. As analyzed earlier, massive MIMO systems are usually operated in the TDD
mode for ease of CSI acquisition. However, in some
scenarios, the massive MIMO system should adopt
the FDD mode. Fortunately, channel statistical information can be used to address the problem of CSI
acquisition in FDD-based massive MIMO NOMA
systems, although it may lead to a performance loss
compared to the case with instantaneous CSI (Choi,
2016b). Furthermore, if the massive MIMO NOMA
system works at mmWave band, the characteristic
of sparsity of the channel due to the limited number of scatters can be explored to construct the statistical channel information (Wang BC et al., 2017;
Zhang D et al., 2017). Speciﬁcally, the statistical
channel information can be obtained based on the
information of the angle of arrival, which avoids the
averaging operations over a large number of channel
realizations.
Additionally, in some extreme scenarios, any
kind of CSI is diﬃcultly acquired at the transmitter. In this case, it is only possible to design the open-loop multiple-antenna NOMA scheme
(Chraiti et al., 2018).
For instance, Ding et al.
(2016a) have advocated the use of ZF detection at
UEs to mitigate co-channel interference. However, in
order to cancel all the interference, the number of antennas at the UE should be greater than the number
of antennas at the BS, which is unpractical in real
systems. In general, there are not enough spatial
DoFs at the UE to cancel the interference in multiuser MIMO NOMA systems. We provide a summary of the CSI acquisition methods for multipleantenna NOMA systems in Table 1.
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Table 1 CSI acquisition methods
CSI type

CSI acquisition method

Quantized instantaneous CSI

CSI is quantized by a codebook and then the index of the quantization code word is
fed back (Chen XM et al., 2017a)
Pilot sequences are sent over the uplink channels and then CSI is estimated at the BS
directly (Chen XM and Jia, 2018)
A large number of channel realizations are averaged (Choi, 2016b)
Angular domain channel information is conveyed (Wang BC et al., 2017)
No action is required (Ding et al., 2016a)

Estimated instantaneous CSI
Statistical CSI
Angular domain CSI
No CSI

2.2 User clustering
User clustering is used to achieve a balance
between system performance and computational
complexity in multiuser scenarios (Ding et al.,
2016c). In multiple-antenna NOMA systems, UEs
are partitioned into several clusters in the spatial
domain by exploiting the spatial DoF (Zeng et al.,
2017; Ding et al., 2019). UEs in a cluster share
the same spatial beam, and SIC is only performed
within a cluster. In general, user clustering can
be divided into two subproblems; the ﬁrst one is
the number of clusters, and the second one is UEs
in a cluster. Given the total number of UEs, the
number of clusters inﬂuences the intercluster interference, and the number of UEs in a cluster determines the intracluster interference. Therefore, user
clustering aﬀects the intracluster and intercluster interference directly and thus has a great impact on
the performance of NOMA systems. In order to optimize the performance, user clustering should be
dynamically adjusted with UE mobility and channel varying (Ali et al., 2016a). However, it is not
a trivial task to design a dynamic user clustering
scheme. This is because user clustering is an integer programming problem, and the optimal numerical searching method leads to a high computational
complexity. To this end, it is usual to design some
suboptimal user clustering schemes according to the
spatial characteristics of multiple-antenna NOMA
systems, i.e., spatial correlation and spatial orthogonality (Zaw et al., 2017). Hence, it is easy to mitigate the intercluster interference by using multipleantenna spatial beamforming techniques.
As mentioned earlier, to design the user clustering scheme, the ﬁrst step is to determine the number
of clusters. In general, the number of clusters is limited by the number of BS antennas. This is because
the number of independent spatial beams must be

not greater than the number of BS antennas. Given
the upper bound of the number of clusters, it is still
diﬃcult to determine the optimal number of clusters. The simplest and commonly used method is
to allow two UEs in a cluster, namely, user pairing
(Chen X et al., 2018; Zhu LP et al., 2018). The twouser clustering method has low intracluster interference and can mitigate the intercluster interference
through spatial beamforming. In other words, this
method can eﬀectively cancel the co-channel interference caused by nonorthogonal transmission; thus, it
is suitably adopted in the case of interference limited
regimes. However, in the regions of low and medium
transmit power, the co-channel interference might
not be dominant (Chen XM et al., 2017a). As such,
the two-user clustering method leads to low spectral
eﬃciency. Moreover, it limits the number of admissible UEs due to a ﬁnite number of transmit beams.
In this context, Tsai and Wei (2018) have proposed a
dynamic mode selection according to channel conditions and system parameters. Speciﬁcally, the number of clusters, namely, transmission mode, can be
adjusted for maximizing the sum rate of multipleantenna NOMA systems.
Given the number of clusters, the second step
in the design of the user clustering scheme is to select UEs for each cluster, which is a user scheduling
problem indeed. It is intuitive that user scheduling
in multiple-antenna systems is performed based on
the available CSI. According to the CSI types, the
scheduling of users forming the clusters can be categorized as follows.
2.2.1 Instantaneous CSI
If the instantaneous CSI is available at the
multiple-antenna transmitter, it is possible to schedule UEs according to the concerned performance
metrics directly. A user clustering scheme from
the perspective of maximizing the throughput of
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the worst user has been proposed in Liu YW et al.
(2016), so as to improve the user’s data rate fairness
in the NOMA system.
2.2.2 Statistical CSI
As discussed in Section 2.1, mmWave channels in general are sparse in the angular domain.
Cui et al. (2018b) proposed a user clustering algorithm based on machine learning to maximize the
sum rate and meet the quality of service (QoS) requirement at UEs with weak channel gains. Their
statistical channel model of mmWave systems is constructed based on information on the angles of departure, which thus avoids a large number of channel
realizations and sharply reduces the complexity.
2.2.3 Channel gain information
Kim et al. (2013, 2015) proposed two algorithms
for user clustering in multiple-antenna NOMA systems, both of which formulate an optimization problem to minimize the total power consumption and
process the user clustering by the ranking approach.
In the channel gain correlation-based approach, the
algorithm is conducted in an ascending order. On the
contrary, the scheme is carried out in a descending
order in the channel gain diﬀerence-based approach.
2.2.4 User position information
Due to the limited nature of spectrum,
Zhang XK et al. (2017) have investigated user clustering based on user locations for NOMA visible light
communication multicell networks in order to reduce
the interference, as high precise positioning is feasible. The CSI is available at the transceiver side and
the residual interference during the SIC in NOMA
is also taken into account in the optimization problem. Table 2 shows a summary of the user clustering
schemes with diﬀerent CSI types.
2.3 Superposition coding
Superposition coding is the key for realizing efﬁcient nonorthogonal transmission. Generally, superposition coding is equivalent to the weighted
sum of UEs’ signals, and thus they can share
the same spectrum resource (Wang JH et al., 2017;
Moltafet et al., 2018a; Sun YS et al., 2018). For
power-domain NOMA, the transmit powers are usually used as the weighted coeﬃcients (Lei L et al.,
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2016; Xu P and Cumanan, 2017). Consequently, the
mixed signals can be separated in the power domain at the receiver. In multiple-antenna NOMA
systems, rather than the power domain, the spatial domain can be exploited to improve the performance (Nguyen VD et al., 2017b; Liu L et al., 2019).
In other words, superposition coding in multipleantenna NOMA systems consists of two parts: (1)
spatial beamforming that exploits the spatial DoF
for mitigating the intercluster interference; (2) power
allocation that adjusts the weighted coeﬃcients for
coordinating the intracluster interference. In what
follows, we introduce the two parts of superposition
coding in multiple-antenna NOMA systems.
2.3.1 Spatial beamforming
Nonorthogonal transmission leads to severe cochannel interference, which may decrease the spectrum eﬃciency. Fortunately, multiple-antenna techniques can be used to mitigate the interference. The
simplest multiple-antenna technique for superposition coding is antenna selection. By selecting one
antenna or multiple antennas with high channel gains
but weak co-channel interference, this method can effectively improve the performance under conditions
of limited resources and cost. Intuitively, the global
optimal solution of antenna selection may require
an exhaustive search over all possible antenna combinations, the complexity of which would become
unacceptable as the numbers of antennas at both
the BS and UEs are large. To reduce the complexity, Yu et al. (2017b) proposed two simple antenna selection algorithms, namely, max-min-max
antenna selection and max-max-max antenna selection. They can asymptotically approach the optimal performance. Moreover, as we know, each antenna in multiple-antenna systems usually requires
one dedicated radio frequency (RF) chain, and RF
components may consume up to 70% of the total
transceiver energy consumption. Therefore, we may
face problems of high transceiver complexity and energy consumption in mmWave massive MIMO systems. Antenna selection-based NOMA scheme can
address these challenges. First, the use of NOMA
makes multiple UEs share one beam, which decreases
the required number of RF chains. Then, the antenna selection technique can further improve the
energy eﬃciency. Wang BC et al. (2017) proposed
an algorithm, combining NOMA and beamspace
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Table 2 User clustering schemes with diﬀerent CSI types
CSI type
Instantaneous CSI
Statistical CSI
Channel gain information

User position information

Deﬁnition of the user clustering scheme
Throughput (Liu YW et al., 2016): the maximum throughput of the worst user
Sum rate (Cui et al., 2018b): the maximum sum rate of meeting QoS requirements of
weak users
Power consumption (Kim et al., 2015): the minimum total power consumption with
channel gain correlation-based scheme
Power consumption (Kim et al., 2013): the minimum total power consumption with
channel gain diﬀerence-based scheme
User rate (Zhang XK et al., 2017): the achievable user rate under user QoS constraint

antenna selection, to signiﬁcantly reduce the number
of required RF chains in mmWave massive MIMONOMA systems. In addition, the study provided
a joint power allocation scheme that optimized not
only the intrabeam power but also the interbeam
power.
Antenna selection cannot fully exploit the spatial DoF of multiple-antenna NOMA systems, resulting in an obvious performance loss. A more powerful multiple-antenna technique is the use of spatial beamforming (Fig. 7), according to channel conditions and system parameters (Alavi et al., 2017;
Shin et al., 2017a). In general, there are two categories of beamforming design methods for multipleantenna NOMA systems. The ﬁrst method designs
the spatial beams based on a certain principle directly. For example, the multiple-antenna NOMA
broadcast channels are not generally degraded, of
which the capacity region can only be attained by
using dirty paper coding (DPC) (Chen ZY et al.,
2016b). However, DPC is diﬃcult to implement in
practice due to its nonlinearity and prohibitive complexity. In this context, NOMA schemes with linear beamforming for nondegraded broadcast channels have gained researchers’ attention. In multipleantenna NOMA systems, there are the following linear beamforming schemes.
1. Random beamforming
A beamforming matrix is stored at both sides
of transmitter and receiver in advance. Receivers
feed back the eﬀective signal-to-noise ratio (SNR) of
the optimal beamforming vector based on instantaneous CSI. Then, the transmitter assigns beamforming vectors for all receivers according to the feedback information. Thus, random beamforming has
low complexity and does not require the transmitter to obtain CSI. Results from Ding et al. (2017b)
show that random beamforming can yield signiﬁcant

Fig. 7 An illustration of the beamforming model

performance gain over conventional MIMO OMA
schemes.
2. Analog beamforming
Analog beamforming does not alter the amplitude of a signal but modiﬁes its phase only.
Ding et al. (2017a) proposed a new NOMA transmission algorithm that exploits the feature of ﬁnite resolution analog beamforming (FRAB). Authors have
designed a single FRAB-based beamformer, which
is shared by multiple UEs and which has proved its
excellent performance.
3. Digital beamforming
Common beamforming schemes include mainly
matched ﬁltering (MF), ZF, and minimum mean
square error (MMSE) (Cai et al., 2017; Hu et al.,
2017). The main idea of MF is to maximize the
signal gain of the target UE, but it does not consider
the interference between diﬀerent UEs. It is only
applicable to scenarios with low channel correlation
and is more suitable for scenarios with a large number of BS antennas. ZF, in contrast, is dedicated to
eliminating interference between diﬀerent UEs and
ignores the eﬀects of noise, and the total achievable
rate of the system is lower than in the MF scheme.
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The goal of MMSE is to minimize the mean square
error between the received signal and the transmitted signal. It is more common in scenes with fewer
users due to its high complexity.
The second method designs the spatial beams
by solving an optimization problem based on a given
performance metric. Hanif et al. (2016) have optimized the transmit beams by maximizing the sum
rate in the downlink multiple-antenna NOMA system. The study approximates a nonconvex and intractable problem with a minorization-maximization
algorithm, solves a series of second-order cone programming (SOCP) problems under decidability constraints, and then obtains the complex beamforming vectors by developing an iterative algorithm.
Moreover, the minimization of total power consumption is a commonly used optimization objective for
beam design in multiple-antenna NOMA systems
(Wang H et al., 2018; Bai et al., 2019). Note that
in some extreme cases, the above two beam design
methods might be inapplicable. For example, if the
channels have correlated CSI, the above methods
cannot design diﬀerent beamforming vectors for UEs.
To this end, Mitra and Bhatia (2017) proposed a new
hybrid beamforming scheme for downlink NOMA
channels using a closed loop adaptive Chebyshev predistorter, based on singular value decomposition, in
IoT applications. It works even when all the channel matrices are correlated. The summary of various multiple-antenna superposition coding schemes
is given in Fig. 8 and Table 3.

Antenna
selection

Superposition
coding

Exhaustive search
Joint antenna selection
Beamspace

Non-linear: dirty paper
coding (DPC)
ZF
Linear
MF
MMSE
Optimized
SDP
design
SOCP
Direct
design

Hybrid design: digital+analog

Fig. 8 An illustration of superposition coding schemes

2.3.2 Power allocation
Power allocation is a commonly used method
for power-domain NOMA to separate the mixed signals. In multiple-antenna NOMA systems, power
allocation is used mainly for coordinating the intr-
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acluster interference (Amin et al., 2018; Celik et al.,
2019; Tong et al., 2019). Intuitively, the simplest
method is the ﬁxed proportional power allocation.
For instance, the UE with the weakest channel gain
is allocated to the highest power. Thus, UEs may
achieve fair data rates. However, ﬁxed proportional
power allocation does not strictly guarantee system
performance due to its inﬂexibility.
To satisfy the performance requirements, transmit power can be allocated based on a given metric.
Zeng et al. (2018) proposed an energy-eﬃcient power
allocation scheme for multiple-antenna NOMA systems under the premise of ensuring QoS and meeting
the minimum rate requirement for each UE. If it is
not feasible, a low-complexity user admission protocol has been proposed, which admits users one by
one following the ascending order of required power
for satisfying the QoS requirements. Similarly, the
optimization indicator proposed in Zhang HJ et al.
(2018) is also energy eﬃcient, but the diﬀerence is
that researchers discuss the performance of the proposed scheme for an NOMA heterogeneous network
with both perfect and imperfect CSI. If the CSI is
perfect, fractional transmit power allocation is exploited to further allocate power among users, which
is superior to equal power allocation. On the contrary, when BSs only have the estimated value of
CSI, an outage probability requirement should be
considered as constraints for resource scheduling. In
this case, a unique optimal solution can be found by
the gradient-assisted binary search algorithm. Results demonstrate that the system’s energy eﬃciency
deteriorates when the channel gain estimation error
variance increases. The diﬀerence between the two
resource allocation methods is shown in Table 4.
2.4 SIC in NOMA
SIC is a key technique in NOMA systems for
combating co-channel interference and thus improving the performance. The basic principle of SIC is to
gradually reduce the interference from other users.
The SIC detector performs data decision on multiuser signals one by one at the receiver and judges
whether it belongs to itself. If not, the multiple
access interference caused by this user signal is subtracted. In NOMA, the transmitter allocates the
power for users. The SIC operates in the order of
the magnitude of the signal power, and the higher
power signal operates ﬁrst because the strongest one
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Table 3 Summary of the beamforming strategy
Strategy

Main feature

Random beamforming
Analog beamforming
Digital beamforming
Optimized beamforming

Hybrid beamforming

Transmitter does not need to know CSI (Ding et al., 2017b)
Antenna selecion with ﬁnite resolution (Ding et al., 2017a)
MF: aims to maximize the signal gain of target user without considering interference
ZF: aims to eliminate interference while ignoring the eﬀects of noise
MMSE: aims to minimize the mean square error
Joint optimization: beamforming and other problems are simultaneously considered
(Nguyen VD et al., 2017a; Wang H et al., 2018)
Robust beamforming: aims to improve the worst-case sum rate when CSI is imperfect
(Zhang Q et al., 2016)
Traditional digital method and optimization scheme are combined
(Cai et al., 2017; Hu et al., 2017)

Table 4 Two typical power allocation methods
Method

Characteristics

Fixed proportional allocation
Optimization allocation

Simple but inﬂexible
CSI is perfect (Zeng et al., 2018): aiming at ensuring QoS or the minimum rate
requirement
CSI is imperfect (Zhang HJ et al., 2018): the outage probability is also considered

is more likely to capture it. This process is repeated
until the desired data are found. Finally, a user will
cancel the signal of the user whose power is stronger
to obtain its own signal, and the remaining signals
of the latter users still exist as interference. The
process of SIC is shown in Fig. 9.
If the SIC is perfect, the interference is only the
above residual interference. Receivers must observe
a certain signal power disparity, which is determined
mainly by the hardware sensitivity. On the contrary, if the SIC is imperfect, decoding imperfections
leave some additional interference at the very end.
There are some problems when using imperfect SIC,
e.g., an error propagation problem (decoding errors
of earlier users will continually aﬀect the decoding of
later users). As a result, many robustly joint MUDs
are developed.
An imperfect SIC receiver model has also been
investigated (Celik et al., 2017), wherein the power
disparity, sensitivity constraints, delay tolerance,
and residual interference due to detection and estimation errors are considered in building the model.
Bits out
yi

Demodulation

Yes
Detection

No
Modulation

ni

Fig. 9 The process of successive interference cancellation (SIC)

Authors concluded that the NOMA gain is limited
by channel gain disparity and SIC characteristics.
They include the residual interference after cancellation, uncanceled interference due to aﬀordable number of cancellations, and uncanceled lower rank interference into the generic signal-to-interference-plusnoise ratio (SINR) representation; the latter cluster
formulation and power-bandwidth allocation problem are based on this expression. Results show the
impacts of constraints and imperfections on achievable performance.
Similarly, other researchers (Chen XM et al.,
2019) assumed that the SIC process is not perfect;
therefore, they considered the hardware limitation
of mobile terminal and found that residual interference from weaker users caused by multiple factors,
e.g., coding/modulation-related parameters and error propagation, still exists. Then, based on this
imperfect SIC, a linear model is adopted and a joint
optimization algorithm from the perspective of minimizing the total power consumption is proposed to
maximize the weighted sum rate.
In addition, there is a fault condition that the
decoding time might increase due to the mismatch
between the user index and its actual place in the
cancellation sequence. In other words, the decoding order does not match the user index. In this
case, users will not obtain their own signals and will
request their messages from the BS, which leads to
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an increase in processing time. Thereafter, the time
for decoding at the SIC receiver with and without
user mismatch is discussed (Manglayev et al., 2017).
When users mistakenly decode the signal of adjacent
users, the ﬁnal decoding time for both the nearest
user and the farthest user grows.
In the traditional SIC receiver, if any of the previous users fails in decoding, outage for the current
user will inevitably occur. However, we hope that the
receivers, under the premise that the decoding order
is ﬁxed, attempt to decode the latter users’ signal by
regarding the unsuccessfully decoded users’ signal
as the interference, in order to improve the outage
performance. An advanced multiuser SIC decoding
strategy based on statistical CSI in uplink NOMA
systems was also proposed (Xia et al., 2018). Diﬀerent from the traditional SIC receiver, in the proposed
scheme, the BS will not stop the detection for the
following users when one user fails to decode. Consequently, without introducing any performance loss
on the prior decoded users, there will be a signiﬁcant
gain because outage balancing among diﬀerent users
can be achieved. The various modeling schemes for
SIC are summarized in Table 5.

3 Two-user NOMA systems
Obviously, introducing multiple antennas makes
the NOMA system more complex; not only user clustering and power allocation issues, but also beamforming, needs to be considered. In order to reduce
the complexity, the SIC receiver is mostly applied to
two-user scenarios. Moreover, in a multiuser system,
two users satisfying certain channel conditions are
often grouped into one cluster. Therefore, the twouser scenario is the simplest and most basic model,
the analysis of the characteristics of which is general.
As seen in Fig. 10, we usually simply think that
in two-user systems, one user is near and the other is
far away; we also call them strong channel gain user
and weak channel gain user. The weak user always
has poor outage performance.
Consider a simple case. Assume that the BS
knows the channel direction information (CDI) of the
strong and weak users and the statistical characteristics of the channel, and that the strong and weak
users have the same CDI but the channel statistic
characteristics are diﬀerent (the channel of the weak
user has a certain degree of fading relative to that of
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BS
Strong user
Weak user

Fig. 10 Model of the two-user NOMA system

the strong user). According to the strong user’s CDI,
ZF is used for beamforming to obtain the received
signal vector, and the weak user’s received vector
is also obtained. At the receiver, the strong user
performs SIC after correctly decoding the symbol of
the weak user to gain the desired signal. However,
the weak user does not have the SIC process, and
the strong user’s signal is regarded as interference to
decode its signal directly. Throughout the process,
certain measures can be taken to optimize the system capacity or the outage performance of the weak
user.
In existing NOMA techniques, when users share
the same DoF, using SIC allows, at the most, one
user to get one DoF, while the remaining users get
zero DoF. Therefore, the available resource is not
fairly shared among the users. Moreover, power allocation is possible only when the instantaneous or
statistical CSI is available at the transmitter. If the
CSI is unavailable, there will be some problems, such
as allocation of power among users. In this context,
Chraiti et al. (2018) introduced an NOMA scheme
for a two-user multiple-input single-output (MISO)
downlink channel with unknown CSI, which allows
the transmitter to communicate with two users simultaneously while keeping the signals perfectly separable at the respective receivers. Authors have broken up the available DoF into fractional DoFs such
that all users get a nonzero DoF. Therefore, the proposed scheme that fairly shares a DoF among users
and removes the requirement of CSI is signiﬁcant.
Regarding the power allocation in the two-user
systems, using the outage probability and the average rate as the criteria to analyze the performance, a novel dynamic power allocation scheme
has been proposed (Yang Z et al., 2016), whereby the
power allocation factors dynamically change with the
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Table 5 The views and models in various cases
Scenario
Perfect SIC
Imperfect SIC

Views and models
Only the residual interference is left, and the system performance is determined by hardware
sensitivity
Additional interference needs to be considered when modeling, such as detection and estimation
errors (Celik et al., 2017), the hardware limitation of the mobile terminal (Chen XM et al., 2019),
wrong cancellation order (Manglayev et al., 2017), and the outage caused by the decoding failure
(Xia et al., 2018)

instantaneous channel gains. The proposed scheme
can more ﬂexibly meet various QoS requirements and
ensure the individual user rates by constructing two
constraints, which means the situation that the weak
user is served with a small data rate can be avoided.
As a result, diﬀerent trade-oﬀs between the user’s
data rate fairness and system throughput are realized, and performance gain is guaranteed.
To perform superposition coding, beamforming is also required. As mentioned earlier, beamforming can be achieved by random, traditional,
and optimization methods. For the two-user system, we introduce only the optimized beamforming technique with better performance, and others will not be described again. An optimal precoding scheme for QoS optimization in a two-user
multiple-antenna system has been investigated earlier (Chen ZY et al., 2016b), wherein the minimal
total transmission power and the optimal precoding vectors have been obtained by considering their
Lagrange dual problem under the condition of two
given target interference levels. Due to the small
number of users, there is less constraint on the individual achievable rate required by each user, and
the closed-form solution of the optimization problem
can be easily derived. Therefore, the complexity is
sharply reduced in two-user systems.
The purpose of studying the two-user system
is to simplify the highly complicated scenarios. It
deserves to be studied because it can be considered
as the basic unit in multiuser or even massive-user
systems.

sion and are served in the power domain. Then, the
problem of optimal beamforming and power allocation compatible to user scheduling should be solved
to maximize the performance with control of interference. Obviously, the complexity of the NOMA
system is determined mainly by the complexity of
the SIC receiver. Therefore, in the multiuser system,
the users are usually clustered. A clustered multiuser
NOMA multiple-antenna system model is shown in
Fig. 11. If it is downlink, the SIC is implemented
in a cluster containing a small number of users. In
other words, user clustering is an important issue to
achieve a balanced trade-oﬀ between the complexity
of the SIC decoding technique and the performance
of the NOMA system. What needs to be addressed
in multiuser systems is the user clustering. The user
clustering schemes classiﬁed according to the diﬀerent CSI levels have been introduced in detail earlier; here, we analyze the two scenarios of uplink and
downlink.

4 Multiuser NOMA systems

In NOMA downlink, SIC should be implemented at user terminals. When the number of
users at each cluster is large, SIC needs high processing power. Moreover, the loss of practical SIC
should not be neglected. As a result, grouping only
two users into a resource block in NOMA downlink
has become more popular, and some problems in

In multiple-antenna NOMA systems, user clustering is ﬁrst done by forming as many clusters as
the number of transmitting antennas and groupings of multiple users in each cluster; subsequently,
multiple users in each cluster share the spatial dimen-
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Fig. 11 Model of the multiuser NOMA system
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multiuser systems can be solved based on the analysis of two-user systems. In the literature for the
NOMA downlink system, user clustering has been
studied considering aspects such as the data rate
fairness guarantee, minimization of the outage probability, maximization of the sum rate, and minimization of the transmit power. Authors are also researching the user clustering algorithm that considers both the channel correlation and gain diﬀerence
among users. In addition, the relationship between
the number of receiving and transmitting antennas
in a multiple-antenna system needs attention. The
number of clusters is generally equal to the number
of BS transmitting antennas. At this time, a single
beam is used by all the users in a cluster, while in
the case of more clusters than BS transmitting antennas, multiple clusters may share the same beam. Actually, in a multiple-antenna system, the inter-user
interference can be completely eliminated when the
number of total receiving antennas is equal to or less
than the total number of transmitting antennas in
a cell. However, in multiple-antenna NOMA downlink, the number of receiving antennas is more than
the number of transmitting antennas; thus, the interference for each user is very high. To minimize the
net interference and maximize the system capacity,
a low-complexity multiple-antenna NOMA user clustering technique for downlink transmission has been
proposed (Ali et al., 2016b), whereby UE receiving
antennas were grouped dynamically into a number
of clusters equal to or more than the number of BS
transmitting antennas. Then, authors combined a
new ZF-beamforming technique with this user clustering scheme to cancel the intercluster interference.
It can maintain robustness for a wide range of transmitting antennas at the BS and for diﬀerent cluster sizes. Similarly, another dynamic user clustering
problem has been investigated (Liu YW et al., 2016)
to realize the diﬀerent trade-oﬀs of complexity and
throughput of the worst user. In that study, authors
have studied the issue considering the aspect of data
rate fairness.
In the uplink, SIC is at BSs, which have enough
processing power to perform SIC. Thus, users do
not need to be aware of the modulation and coding schemes used by the other users. Specially,
in NOMA uplink, users are also allowed to transmit in a grant-free manner, which can reduce latency signiﬁcantly. In the single-antenna scene, some
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suboptimal user pairing, iterative detection schemes,
and optimum resource allocation techniques have
been already investigated in existing works. In addition to single-antenna applications, user pairing and
power allocation plans for NOMA uplink have been
studied previously for multiple-antenna wireless networks. Note that the relationship between the number of antennas at each user terminal and the number of antennas at the BS sometimes needs to be
considered. However, there is no analytical evaluation of performance in most of the previous studies
for optimum user pairing in NOMA uplink. In another study, Sedaghat and Müller (2018) proposed
an optimal user pairing for some given suboptimal
power allocation schemes in the uplink, which can be
implemented using algorithms with polynomial time
complexity. This scheme shows how much the performance is improved if the users in the NOMA uplink
are paired optimally. If it is a cellular network, a single isolated cell is considered and inter-cell interference is neglected. The BS ﬁrst divides the users into
some clusters and lets each cluster transmit at one of
the subcarriers. At the multi-antenna receiver, the
signals at each subcarrier are detected by dividing
the users into pairs and applying SIC to each pair.
If the user terminals had a single antenna, the BS
directly divided the users into pairs and detected every pair using SIC. In this case, the optimum pairing
method had signiﬁcant performance gain compared
to the random pairing method. Meanwhile, when
the case of multi-antenna users is considered, the BS
pairs the users based on the CSI and the users need
not know the pairing strategy. In this scheme, the
ranks of the channels and the number of antennas
at users are not required, and the users need only to
know their own channels. The proposed technique
also outperforms NOMA with signal alignment.

5 Massive NOMA systems
In 5G mobile communication systems, almost
everything of society will be connected. At the same
time, several serious challenges are posed for 5G and
B5G, such as the requirements for millions of connections per square kilometer, single-millisecond end-toend latency, user experienced data rate in gigabits
per second (Gbps), and more severe physical layer
security (PLS). Both theory and a large number of
system-level simulation results verify that NOMA is
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very suitable for 5G and B5G application scenarios
of ultralow latency and ultrahigh connectivity, and
it is expected to support high spectral eﬃciency and
massive connectivity with scarce spectrum resources
for IoT in urban areas. IoT has the characteristic
of connecting a very large amount of devices but
usually with a small data rate requirement. To address these challenges, future networks will need to
meet this special requirement by eﬃciently using the
available bandwidth.
Although the number of total potential users
can be quite large, the rate of active users is usually very low, e.g., Fig. 12. Thus, IoT requires
a completely diﬀerent set of techniques to support
massive connectivity. These techniques are usually
called user activity detection (UAD). Because UAD
is generally performed at the BS, it is mainly for the
uplink scenario. In current 4G systems, the uplink
transmission is scheduled by the BS in a requestgrant procedure, with resultant large transmission
latency and signaling overhead. This problem is unacceptable for massive connectivity in 5G. Therefore,
it is highly expected that users can randomly transmit data in uplink and a BS does not know which
users are active, i.e., grant-free transmission, and
thus user activity needs to be detected. The uplink grant-free NOMA technique, which has received
a lot of attention, has been heavily investigated
to reduce control signaling overhead and transmission latency of scheduling procedure (Chen ZL et al.,
2018; Du et al., 2018a; Senel and Larsson, 2018).
The following paragraphs describe the various UAD
schemes in the uplink grant-free NOMA systems.
Typically, the UAD based on compressive sensing (CS) is a promising ﬁeld to exploit the user
activity sparsity due to sporadic communication in
IoT. However, the signal detection in the CS-based
scheme is usually independently realized in diﬀerent time slots, while the user activity correlation
in diﬀerent time slots is not considered. Therefore, researchers have considered the more practical scenario that active user sets can be changed
in several continuous time slots and have proposed
a low-complexity dynamic CS MUD to jointly realize user activity and data detection (Wang BC et al.,
2016). Furthermore, they have used the estimated
active user set in the current time slot as the initial
set to estimate the active user set in the next time
slot under the framework. The proposed solution is
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Fig. 12 Model of the massive NOMA system

superior to the conventional CS-based scheme in
terms of performance.
As mentioned earlier, to reduce control signaling
overhead and latency, the uplink grant-free NOMA
systems, in which active users can transmit data at
any time slot without a complex request-grant procedure, have been studied. In current wireless systems,
the number of active users is usually much smaller
than the total number of possible users even during busy hours. This characteristic also applies to
massive connectivity in 5G. Thus, the inherent sparsity of active users could be exploited to solve the
MUD problem. Meanwhile, the framewise joint sparsity of user activity, i.e., sharing the same locations
of nonzero elements during several successive time
slots within a frame, can be used to further improve
the performance of MUD. Because users generally
transmit their information based on a uniform frame
structure, the inactivity and activity of users would
remain constant over an entire data frame.
In existing works, joint UAD and CE by sending pilots have been carried out to perform MUD
(Liu L et al., 2018; Shao et al., 2019). In CS-based
works, it is assumed that the channels for all users
are known a priori. In fact, most of the users are
inactive and the channel information is then outdated, and if the CSI is perfect to all users every
time, it means that the BS does not need to ask
users whether they are willing to send data or not.
Therefore, the method of joint UAD and CE with
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the aid of pilot symbol is reasonable. However,
framewise joint sparsity, i.e., the temporal correlation characteristic, is not used in some recent works
on joint UAD and CE. A novel joint UAD and CE
scheme for uplink grant-free NOMA systems has
been investigated (Du et al., 2018b), wherein the inherent framewise joint sparsity of the pilot and data
phased in the entire frame is used to formulate the
joint CE and UAD problem under multiple measurement vector-CS framework. Then, authors proposed the block sparsity adaptive subspace pursuit
algorithm without requirement for the user sparsity
level as the prior information: it exploits the blocksparse single measurement vector-CS model, which
is transferred by multiple measurement vector-CS to
improve the performance.
Similarly, joint UAD and data detection using the framewise joint sparsity of user activity has
been implemented to perform MUD in recent reports. Compared with joint UAD and CE, it has
a better performance. However, in some works,
the joint UAD and data detection scheme does not
use the prior information of the transmitted discrete symbols, and there still is room for improvements. Therefore, Wei C et al. (2017) have proposed
a joint algorithm for uplink grant-free NOMA systems, wherein expectation maximization based on
the framewise joint sparsity of user activity has been
employed to estimate user activity parameters, while
prior information of the transmitted discrete symbols has been used by the approximate message
passing technique to compute the posterior means
and variances. This scheme shows a much better
performance. Table 6 shows several kinds of UAD
algorithms.

2019 20(12):1665-1697

techniques to achieve greater performance enhancements and optimizations. The following subsections
describe several common variations of the multipleantenna NOMA network.
6.1 Relay NOMA
Cooperative relay is an eﬀective technique to
extend coverage areas and overcome channel impairments, such as fading, shadowing, and path loss. The
fundamental form of cooperative communications is
the dual-hop relaying, in which the source communicates with the destination via the assistance of a relay. The decode-and-forward (DF) and amplify-andforward (AF) protocols are two basic relay protocols;
regeneration and nonregeneration categories are used
in the two protocols, respectively (Yuksel and Erkip,
2007; Chen XM et al., 2015c). The function of the
regeneration mode is that the relay attempts to ﬁrst
decode the information stream and then retransmit
the decoded stream to the destination, which is always used by strong users to improve the performance of weak users. On the contrary, in the nonregeneration mode, the relay simply retransmits a
scaled version of its observation to the destination.
The two relay processes are shown in Fig. 13.
Cell-edge

DF
relay

AF
relay

Cell-center

Retransmit
decoded
stream

Retransmit
scaled
version

6 Heterogeneous NOMA systems
It is well known that NOMA can signiﬁcantly
improve the spectrum eﬃciency of a system, but it
does not necessarily meet all the performance metric
requirements in certain speciﬁc situations. Often encountered are trade-oﬀs between user’s data rate fairness and QoS, trade-oﬀs between the sum rate of the
system and the minimum rate requirements of weak
users, trade-oﬀs between user throughput and outage probability, trade-oﬀs between energy eﬃciency
and capacity of system, and so on. It is obvious that
NOMA needs to be combined with existing advanced

The first phase

The second phase

Fig. 13 Model of the cooperative relay NOMA system

Various cooperative relay NOMA schemes have
been extensively studied in the existing literature (Zhong and Zhang, 2016; Liu X et al., 2017;
Chen XM et al., 2018a). Zhou Y et al. (2018) proposed a dynamic DF cooperative NOMA scheme
for downlink transmission, wherein the researchers
considered random- and distance-based two-user
pairing strategies. Outage probabilities were derived
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Table 6 Classiﬁcation of UAD algorithms
Category
Conventional scheme

Exploiting framewise joint
sparsity of the active user

Common practice
CS: detection is independently
Dynamic CS (Wang BC et al.,
slots is considered
Joint UAD and CE (Du et al.,
Joint UAD and data detection
are prior information

for each user-pairing strategy, from which the diversity order and the sum rate can be obtained. The
proposed scheme can achieve a diversity order of two
for the weak user without sacriﬁcing spectral eﬃciency. On the other hand, an AF relay network
has been proposed, wherein joint power allocation
and relay beamforming design problem have been
investigated for this network (Xue et al., 2017). The
authors have studied an alternating optimizationbased algorithm and transformed the power allocation problem into an SOCP, namely, the relay
beamforming problem into a convex linear-fractional
programming, to maximize the achievable rate of
the destination that has the best channel condition.
However, under the assumption that only the statistical CSI is known, both DF and AF protocols were
considered in Wan DH et al. (2018), and all nodes in
the system were equipped with a single antenna. The
authors found that DF relaying always outperforms
the AF one in terms of the resulting ergodic sum rate
and outage probability in the low-SNR region.
In Li et al. (2018), multiple antennas have been
assumed for the BS and all UEs in the half-duplex
(HD) cooperative NOMA system. In order to improve the overall throughput of the network, the BS
ﬁrst broadcasts the superposed signals to a multipleantenna central user; then, the central user acts as
a relay node and helps the BS cooperatively relay
signals for the cell-edge user using the DF relaying
protocol. The achievable rate from the BS to the
cell-edge user is maximized under transmit power
constraints and achievable rate constraints from the
BS to the central users. Also using the DF protocol, the performance analysis in the full-duplex (FD)
cooperative NOMA system has been discussed in a
parallel study (Zhang L et al., 2017). The diﬀerence
in data rate fairness between the near user and far
user is also taken into account while minimizing the
outage probability of the system and maximizing the
minimum achievable rate of users.

realized in diﬀerent time slots
2016): the user activity correlation in diﬀerent time
2018b): with the aid of pilot symbols
(Wei C et al., 2017): the transmitted discrete symbols

Thus, how to choose the forwarding protocol
and the working mode of the system also becomes
a key issue. The study and comparison of the performances of the dual-hop relaying system exploiting the DF and AF strategies, respectively, have
been undertaken by deriving the closed-form expressions for outage probability and ergodic capacity (Xiao Y et al., 2018). Meanwhile, the authors
studied the adaptive relay forwarding strategy selection between DF and AF NOMA under ﬁxed
and optimized user power allocation to obtain better performance. Similarly, a pair of relay selection
schemes were considered (Yue et al., 2018b), wherein
the closed-form expressions for the exact and asymptotic outage probabilities were derived to evaluate
the performance of the two proposed schemes. Especially, the performances of the relays working in the
FD or HD mode were compared in this study. The
FD-based scheme can obtain a zero diversity order
and the HD-based scheme is capable of achieving a
diversity order of K (the number of relays). Results
demonstrate that the FD-based scheme has better
outage performance than the HD-based one in the
low-SNR region, but they are both superior to random relay selection schemes. Similar conclusions can
be seen in Yue et al. (2018a), in which DF relay was
exploited by the near user to help the far user; the
energy eﬃciency was also used as a performance indicator. The study derives that in the delay-limited
transmission mode, FD NOMA has higher energy
eﬃciency in the low-SNR region, while in the delaytolerant transmission mode, HD NOMA is more energy eﬃcient in the high-SNR region.
The above-mentioned cooperative relay NOMA
transmissions are all for the downlink scenario, and
the uplink scenario is similar. A relay NOMA technique for uplink interference-limited cellular network
was proposed by Shin et al. (2017c), wherein the AF
protocol was used and the relay was operated in the
HD mode. Furthermore, any CSI at the users was
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not required and only limited CSI was required at
the relays and the BS. With the diversity gain of
two, an Alamouti structure of the desired symbol
can be generated at the BS without interference in
the proposed scheme. Additionally, a buﬀer-aided
relay selection policy for the uplink of NOMA networks has been investigated (Nomikos et al., 2019).
The summary is given in Table 7.
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Wiretap channel
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6.2 PLS in NOMA

External eavesdropper

(a)

With the popularity of wireless communication in everyday life, immense amounts of private and sensitive data is transmitted over wireless channels.
Thus, secrecy issues have become critical due to the unavoidable open nature
of the wireless medium. PLS has been widely
regarded as a promising cryptographic technique
to secure data transmission over wireless channels (Khisti and Wornell, 2010; Chen X and Chen,
2014; Yang N et al., 2015; Chen XM et al., 2017b;
Gomez et al., 2019; Nguyen NP et al., 2019). As
seen in Fig. 14, PLS issues can be roughly divided into two research directions. First, based
on the pioneering concept of the wiretap channels proposed by excellent scholars, the framework
for PLS has been widely investigated, whereby the
transmitter wishes to send conﬁdential messages to
the legitimate receiver in the presence of external
eavesdropper (Chen XM et al., 2015b; Chen J et al.,
2016; Zhang Y et al., 2016b). On the contrary, the
other research direction on PLS does not focus on
the secrecy issue against external eavesdroppers. Instead, conﬁdential messages are sent to the intended
users while maintaining ignorance at other users’ end
in the same network (Chen XM et al., 2016, 2018b;
Chen X and Zhang, 2017).
The ﬁrst PLS issue in NOMA systems has
been extensively studied in recent years. The optimal designs of decoding order, transmission rates,
and power allocation for a secure NOMA system have been studied in detail (He et al., 2017),
whereby the transmitter sends conﬁdential messages to multiple users in the existence of an external eavesdropper, and the instantaneous CSI of
the eavesdropper is unknown. In this case, the
transmit power is minimized subject to the secrecy outage and QoS constraints, and the minimum conﬁdential information rate among users
is maximized subject to the secrecy outage and

Main channel
Target users

Potential
eavesdropper
BS

(b)
Fig. 14 Illustration of two PLS issues: (a) external
eavesdropper; (b) internal eavesdropper

transmit power constraints by using an iterative algorithm. Moreover, in the presence of a multipleantenna eavesdropper, a novel secrecy beamforming
scheme that exploits artiﬁcial noise was proposed
for the secure multiple-antenna NOMA transmission (Lv L et al., 2018a), wherein imperfect SIC was
assumed and the limitations of conventional artiﬁcial noise-aided scheme were overcome; i.e., artiﬁcial
noise was generated in the null space of the main
channel such that only the channel of the eavesdropper was degraded. To evaluate the secrecy performance, the closed-form expressions for the secrecy outage probability and the secrecy diversity order were derived. Furthermore, Lei HJ et al. (2018)
took a more comprehensive situation into account
for the secure NOMA system, whereby both noncolluding and colluding eavesdroppers were considered. Therefore, the exact and asymptotic closedform expressions for the secrecy outage probability were derived when noncolluding and colluding
schemes are used for the eavesdroppers, respectively.
Besides, the max-min transmitting antenna selection
scheme has been investigated to improve the secrecy
performance.
Instead of considering the external eavesdropper, other works (Ding et al., 2017c) have investigated the secure NOMA network with mixed multicast and unicast traﬃc, where the transmitter
wants to send the conﬁdential message to only the
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Table 7 Comparison of diﬀerent relay modes
Relay protocol
AF (Xue et al., 2017)
DF (Zhou Y et al., 2018)

System mode

Performance comparison

HD (Shin et al., 2017c)
FD (Xue et al., 2017)
HD (Li et al., 2018)
FD (Zhang L et al., 2017)

The DF protocol always outperforms the AF protocol
(Wan DH et al., 2018), and the FD-based scheme always
outperforms the HD-based one (Yue et al., 2018b).
The forwarding strategy and mode selection are given in a
few studies (Xiao et al., 2018b; Yue et al., 2018a, 2018b)

target user and keep all other users ignorant of it.
Beamforming and power allocation coeﬃcients were
jointly designed to ensure the performance of the system. Similarly, a cellular multiple-antenna NOMA
secure transmission system was studied, whereby the
central user was an entrusted user and the cell-edge
user was regarded as a potential eavesdropper that
may eavesdrop on the messages to the central user
(Li et al., 2017). The secure beamforming and power
allocation design optimization problem of maximizing the sum achievable secrecy rate of central users
subject to the transmit power constraint at the BS
and transmission rate constraint at cell-edge users
has been analyzed.
6.3 mmWave NOMA
Due to the high demand for bandwidth caused
by signiﬁcantly increased data rates, mmWave is naturally applied to NOMA systems (Fig. 15). Accordingly, mmWave-NOMA transmission has a huge
potential for satisfying the requirements of IoT
(Lv T et al., 2018). The key features of mmWave
propagation are the high directionality with severe
propagation path loss, low penetration coeﬃcients,
and high signal attenuation (Zhang D et al., 2017;
Hu et al., 2019; Liu PL et al., 2019; Xiao ZY et al.,
2019; Zeng et al., 2019). Consequently, the typical mmWave channel model, which contains a lineof-sight (LOS) path and several non-line-of-sight
(NLOS) paths, is generally analyzed. Obviously, the
path loss of NLOS exponents is much larger than
that of the LOS exponent; therefore, the eﬀect of the
LOS path is dominant if such a path exists. Otherwise, the dominant path is one of the NLOS paths.
Compared with the conventional low-frequency
multiple-antenna system, the additional RF hardware constraints existing in mmWave systems is
another feature of mmWave transmission. In this
case, digital baseband beamforming becomes impossible. Meanwhile, analog beamforming is inconve-

Cluster 1

Cluster 4

mmWave beams

BS

Cluster 2

Cluster 3

Fig. 15 Model of the multiple-antenna mmWave
NOMA system

nient since the modulus of the elements in the analog beamforming vectors is constrained to a constant. Therefore, hybrid analog and digital beamforming for mmWave systems has been studied in
recent works (Sohrabi and Yu, 2016; Wu QQ et al.,
2017; Zhang SQ et al., 2017). However, the designs
of the beamforming matrices are generally based on
perfect CSI, which is diﬃcult to achieve in practice.
In other words, conventional beamforming schemes
require that all users provide their accurate CSI
to the BS, leading to the system overhead and latency inevitably increasing. Random beamforming
is an eﬀective approach to reduce the feedback overhead. Two random beamforming approaches have
been proposed for mmWave-NOMA systems in order
to avoid the requirement of the BS for all the users’
CSI and reduce the system overhead (Ding et al.,
2017b). Their performance has been analyzed in
terms of sum rates and outage probability, and the
simulation results demonstrated that the proposed
schemes are indeed capable of achieving signiﬁcant
performance gains. Consequently, in mmWave channels, random beamforming is always used to achieve
a better sum rate performance with appropriate user
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clustering and power allocation schemes.
In the literature on user clustering and the
power allocation technique, random beamforming is
also used to improve the performance of mmWaveNOMA systems. For instance, based on the distance
between the BS and users, a novel user-pairing technique designed for cellular machine-to-machine communication using mmWave-NOMA systems for IoT
applications has been proposed (Lv T et al., 2018).
The study adopts the single-path mmWave channel simpliﬁed model; i.e., it considered only the
LOS path, and the outage probability and the sum
rate were used as the performance metrics. Due to
the high directionality of the mmWave system, the
proposed mmWave-NOMA transmission can easily
achieve massive connectivity in cellular communications. Furthermore, these pairing schemes that
exploit random beamforming do not require the BS
know the CSI of all users, thus naturally reducing
the system overhead and latency. Similarly, an optimal user scheduling and power allocation strategy
for mmWave-NOMA systems with the aid of random beamforming has been investigated (Cui et al.,
2018a), in which the problem of maximizing the sum
rate subject to the users’ QoS requirements is tackled
without introducing high system overhead or heavy
computational complexity.
6.4 Cognitive radio and NOMA
Conventional power-domain NOMA allocates
more power to the weaker users, which ensures user’s
data rate fairness but cannot strictly guarantee users’
QoS targets. However, cognitive radio (CR) NOMA
can meet the QoS requirements of some or even
all users (Chen XM et al., 2014a; Lv L et al., 2016;
Yu et al., 2017a; Xu L et al., 2018; Wang XY et al.,
2019). As shown in Fig. 16, in a CR network,
the user with the poorer channel condition is usually regarded as the primary user; i.e., this user
will be served with suﬃcient power to strictly satisfy its data rate and QoS requirements. The concept of primary network is similar. The other network is called the secondary network. Two networks interfere with each other. As an excellent
technique, CR has drawn signiﬁcant attention due
to its high spectrum eﬃciency (Chen XM and Chen,
2013; Chen XM and Yuen, 2013; Wu YN and Chen,
2016). Both CR and NOMA techniques are promising to improve the spectrum eﬃciency and user
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Fig. 16 Model of the CR-NOMA system

connectivity. Combining the CR with multipleantenna NOMA, not only can IoT devices meet their
target QoS needs, but also an additional network can
be allowed access, which has tremendous potential in
increasing the throughput of the entire system and
the number of users to be served. However, some
challenges still need to be addressed. For instance,
the mutual interference between the primary and the
secondary networks may be more severe due to the
nonorthogonal nature of NOMA, which will decrease
the spectrum eﬃciency of CR. Many eﬀorts have
been made to facilitate the application and investigate the performance of CR-NOMA. In fact, the
core idea of CR-NOMA is to design a power allocation strategy to cater to the predeﬁned QoS needs of
users.
Additionally, in CR networks, there are three
operation paradigms, namely, interweave mode, underlay mode, and overlay mode (Zhou FH et al.,
2018b). So far, most of the research work on CRNOMA has been done on the latter two modes.
The situation of the interweave mode is relatively complicated. The transmission process is divided into two time slots, called spectrum sensing
slot and data transmission slot. During the ﬁrst slot,
spectrum sensing is performed to detect whether the
frequency bands are occupied by primary users. In
the data transmission slot, when detecting that the
primary users are inactive, the secondary network
can access the frequency bands of the primary users
and serve multiple secondary users by using NOMA.
Otherwise, spectrum sensing continues to be performed to ﬁnd the available frequency bands. In this
mode, false decisions caused by fading may occur in
practice, so interference should be considered.
Under the underlay mode, the secondary
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network coexists with the primary network on the
premise that the interference caused by the secondary users is tolerable to primary users. The
outage probability of the cooperative underlay CRNOMA DF relaying network has been investigated with primary interference and imperfect CSI
(Arzykulov et al., 2019). The authors found the optimal power allocation factors to satisfy the outage
probability and data rate fairness and proved that
the proposed system model is superior to cooperative
OMA. Ding et al. (2016b) have studied the application of MIMO techniques to CR-NOMA under the
underlay mode. The impact of diﬀerent power allocation strategies, namely, ﬁxed and CR-inspired power
allocation, on the performance of MIMO CR-NOMA
was also discussed. Results demonstrated that combining the existing MIMO-NOMA with the power
allocation strategy inspired by the CR network can
achieve a signiﬁcant performance gain in terms of
outage probability. Zhang Y et al. (2016a) proposed
an eﬃcient algorithm to optimize the performance of
an underlay downlink CR-NOMA system from the
perspective of energy eﬃciency. The unauthorized
secondary user can be admitted into the spectrum
on the condition that it will not cause performance
degradation to primary users. The problem of maximizing energy eﬃciency subject to the individual
QoS constraint for each primary user is analyzed.
By introducing the multiple antenna technique, the
proposed NOMA framework outperforms the conventional NOMA.
In the overlay mode, the secondary network
provides cooperation for the primary network to
gain access to the frequency band. A novel overlay
spectrum-sharing framework has been proposed to
enhance the spectrum utilization for single-antenna
CR-NOMA systems (Lv L et al., 2018b), whereby
one secondary user is scheduled to help forward the
primary signals as well as convey its own signals by
using NOMA. A reliability-oriented secondary user
scheduling scheme and a data rate fairness-oriented
secondary user scheduling scheme were compared in
terms of outage probability and user data rate fairness. Furthermore, an NOMA cooperative transmission scheme for overlay CR network was investigated
(Lv L et al., 2017), wherein the secondary transmitter serves as a relay and helps transmit the primary
and secondary messages simultaneously by exploiting the NOMA principle. The proposed scheme
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outperforms the conventional NOMA in outage probability and system throughput for both primary and
secondary networks. Similarly, a cooperative spectrum sharing CR-NOMA system (Kader and Shin,
2016) was considered, in which the secondary transmitter acting as a DF relay for the primary system
is allowed to transmit its own signal by superposing
on the space-time block coded primary signal. The
ergodic capacity of the proposed protocol has been
shown to be better than that of the general superposition coding-based overlay CR scheme. Table 8
summarizes the main features of the three modes.
6.5 Simultaneous wireless information and
power transfer in NOMA
In cellular multiple-antenna NOMA networks,
as we all know, the spectrum eﬃciency of both
cell-edge and cell-center users can be enhanced signiﬁcantly by exploiting NOMA. However, the user
throughput fairness is a critical issue since the data
rate of cell-edge users is often lower than that of
cell-center users. As reported earlier (Choi, 2015), if
cell-edge users want to reach the data rate comparable to that of cell-center users, the power allocation
coeﬃcient of cell-center users needs to be close to
zero. This is deﬁnitely not feasible because the QoS
requirements of the cell-center users cannot be met.
An eﬃcient way to solve the user data rate fairness
issue while ensuring QoS of users may be the cooperative relay NOMA scheme mentioned earlier. The
sum rate of the system can be signiﬁcantly improved
when using cooperative relay NOMA, but how cellcenter users that act as relay fairly consume their
energy to process their own signals and forward the
signals of cell-edge users becomes a new question.
Since RF signals can carry both information
and energy, simultaneous wireless information and
power transfer (SWIPT) is introduced as a promising solution (Liu JX et al., 2008; Varshney, 2008;
Chen XM et al., 2013, 2014b; Qi and Chen, 2019;
Wu W et al., 2019), whereby cell-center users can
scavenge energy from the environment and use the
harvested energy to power their relaying operation.
Due to the incorporation of SWIPT into NOMA, the
limitation of energy storage at the relay nodes is alleviated. Relay nodes can weigh the trade-oﬀ well
between the information receiving process for themselves and information forwarding process for others.
In other words, the relay nodes ﬁnally forward the
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Table 8 Three operation paradigms of CR
Operation paradigm (Zhou FH et al., 2018b)
Interweave mode
Underlay mode

Characteristics
Relatively complicated, false decisions caused by fading may occur
Secondary network coexists with the primary network under some premise
(Ding et al., 2016b; Zhang Y et al., 2016a; Arzykulov et al., 2019)
Secondary network provides cooperation for the primary network
(Kader and Shin, 2016; Lv L et al., 2017, 2018b)

Overlay mode

information by using the harvested energy only and
do not consume energy from their battery. Additionally, the time switching (TS) and power splitting
(PS) energy harvesting receivers are two practical
receiver architectures in SWIPT (Chen XM et al.,
2015a). The detailed models are shown in Fig. 17.
Many eﬀorts have been directed toward the SWIPT
NOMA systems using the TS or PS scheme.

Information
decoding

Information
forwarding

Energy
harvesting

(a)

Relay

Time slot 1

Time slot 2
EH transfer
Time slot 2
Time slot 1

Transmitter

Receiver

(b)
Fig. 17 Comparison of the two energy-harvesting
strategies: (a) power splitting architecture; (b) time
switching architecture

Xu YQ et al. (2017) investigated a new cooperative SWIPT MISO-NOMA protocol. The strong
user (or cell-center user) acts as an energy harvesting (EH) relay to help the weak user (or cell-edge
user) improve the communication reliability. The
strong user performs SWIPT by exploiting the PS
scheme; i.e., the signal received at the strong user
is split into two parts, one for information decoding

and the other for EH. Particularly, the joint design of
beamforming and PS was considered and the problem of maximizing the data rate of the strong user
subject to the QoS requirement of the weak user was
analyzed. Results demonstrated that the cooperative SWIPT NOMA protocol outperforms the existing cooperative transmission protocols. On the
other hand, the TS protocol has been used in a
DF relay SWIPT NOMA system (Nguyen TS et al.,
2018). The whole block time is divided into EH time
and information transmission time, with the proportion being called the TS ratio. Finally, the expressions of outage performance and the delay-limited
throughput are derived to evaluate the robustness
of the system. Simulation results proved that the
system performance is aﬀected by the placement of
the relay node. Likewise, a two-user MISO-NOMA
system has been studied (Do et al., 2018), wherein
cooperative schemes that use hybrid SWIPT and
the transmitting antenna selection (TAS) technique
were proposed to improve the outage performance
and data rate fairness of the cell-edge user. In these
schemes, the cell-center user acts as a DF relay to
assist the cell-edge user, and its relaying operation is
powered by a hybrid TS/PS SWIPT protocol. The
proposed schemes with diﬀerent TAS criteria achieve
better outage performance compared to conventional
OMA and noncooperative NOMA systems.
Diﬀerently, Dai et al. (2019) investigated the integration of SWIPT into mmWave massive MIMONOMA systems. They also used hybrid analog and
digital precoding to signiﬁcantly reduce the number of required RF chains without obvious performance loss. In the proposed systems, each user
can extract both information and energy from the
received RF signals by applying SWIPT with the
PS receiver. Furthermore, user grouping was performed based on the correlation of users’ equivalent
channels, and power allocation for mmWave massive
MIMO-NOMA and the PS factors for SWIPT were
jointly optimized to maximize the achievable sum
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rate of the system. The proposed scheme is capable
of achieving higher spectrum and energy eﬃciency
compared with MIMO-NOMA.
In addition, Zhou FH et al. (2018a) combined
the multiple-antenna CR-NOMA network with
SWIPT to support massive power-limited batterydriven devices. Researchers have applied a more
practical nonlinear EH model instead of an ideal linear EH model. An artiﬁcial noise-aided cooperative
jamming scheme was also proposed to improve the
security of the primary network. Both the problem
of artiﬁcial noise-aided beamforming design subject
to the practical secrecy rate and EH constraints and
the problem of minimizing the transmission power
have been tackled. Results showed that this scheme
can achieve signiﬁcant performance. Table 9 lists
several application scenarios for each EH model.

7 Future research directions and challenges
Multiple-antenna techniques have been proven
to be eﬀective solutions to enhance the performance
and decrease the complexity of NOMA by theoretical
analysis, simulation veriﬁcation, and trial measurement. However, there are many challenging issues
that need to be addressed in future research. In
what follows, we introduce these research directions
and the corresponding challenges.
7.1 Access protocol design
The currently adopted multiple-access protocol,
namely, grant-based random access, is designed for
OMA systems with a ﬁnite number of UEs. Specifically, the grant-based random access protocol requires four times negotiations between the BS and
the UE to build the connection based on orthogonal
preamble sequences. As mentioned herein, multipleantenna NOMA will be widely used in 5G and B5G
wireless networks with a massive number of UEs.
As a result, the grant-based random access protocol may lead to high overhead and high latency.
Hence, it is necessary to design a new access protocol for multiple-antenna NOMA systems. Recently,
a grant-free random access protocol has been proposed, which allows UEs to simultaneously access
wireless networks without a grant. Yet, the grantfree random access protocol has a high complexity. Therefore, one should design low-complexity
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grant-free random access protocols according to the
characteristics of multiple-antenna NOMA systems.
7.2 Low-cost multiple-antenna techniques
In 5G and B5G wireless networks, the BS will be
equipped with a large number of antennas. Hence,
the use of massive MIMO NOMA scheme can significantly improve the spectrum eﬃciency and admit
a large number of UEs. Usually, each antenna corresponds to an RF chain, but the cost of massive
MIMO NOMA is prohibitive. Moreover, the accuracy of the analog-to-digital converter (ADC) of each
RF chain has a great impact on the cost. In order to
reduce the cost for practical applications, on the one
hand, it is necessary to adopt a few number of RF
chains. On the other hand, low-resolution ADC for
each RF chain should be used. Yet, the combination
of a few number of RF chains and low-resolution
ADC may result in performance degradation. In
fact, NOMA can decrease the required number of RF
chains but needs a high-resolution ADC. Thereby,
it makes sense to design low-cost multiple-antenna
techniques based on the requirements of NOMA.
7.3 Weak coupling antenna structure
The multiple-antenna technique is widely used
in 5G and B5G wireless systems. However, the inﬂuence of mutual coupling among the antenna elements and arrays in a multiantenna terminal is
usually underestimated. Especially for mmWave
communication and IoT with massive connectivity, the channel state is sensitive to the antenna
structure.
The inﬂuence of antenna structural
error, including the element and array positioning accuracy and the mechanical distortion resulting from the operating environment, should be
taken into account in performance analysis and optimization of the system. To tackle this problem, some electromechanical coupling technologies
can be adopted (Haupt and Rahmat-Samii, 2015;
Wang CS et al., 2017, 2018). Recently, some scholars
have experimentally investigated the impact of mutual coupling on data throughput by using an LTE
module as the test bed and an anechoic chamber for
over-the-air measurement. Even so, research on weak
coupling antenna structure is still worth exploring.
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Table 9 Application of the EH mode
System framework
DF relay

EH mode (Chen XM et al., 2015a)
PS
TS
Hybrid TS/PS

mmWave massive
MIMO
CR

PS
Nonlinear EH model

7.4 Imperfect SIC modeling
SIC is a key component at the receiver
end to mitigate co-channel interference caused by
nonorthogonal transmission. In 5G and B5G wireless networks, most nodes are IoT devices with limited capability. As a result, decoding error may
occur during the processing of interference cancellation. Especially, since short packets are used in
IoT communications, there exists a high probability
of decoding error. Due to error propagation in imperfect SIC, the residual interference is strong. Fortunately, it is possible to alleviate the impact of imperfect SIC by multiple-antenna techniques, e.g., spatial
beamforming, power allocation, and user clustering.
In order to eﬀectively alleviate the impact of imperfect SIC, it is imperative to build an accurate
model of imperfect SIC. Currently, a linear model is
adopted in multiple-antenna NOMA systems. However, the linear model might be not suﬃciently accurate. Therefore, we should accurately study imperfect SIC modeling for multiple-antenna NOMA
systems.

Deﬁnition
Data rate (Xu YQ et al., 2017): the maximum data rate
of strong user subject to the QoS of weak user
Robustness (Nguyen TS et al., 2018): good outage performance and delay-limited throughput
Outage performance (Do et al., 2018): the data rate
fairness of cell-edge user
Sum rate (Dai et al., 2019): the maximum achievable
sum rate of system
Secrecy performance (Zhou FH et al., 2018a): security of
the primary network and the minimum transmitted power

connected to a central processing unit. Hence, the
access distance can be shortened, and the coverage is
wide. However, the design of cell-free NOMA is still
an open issue.

8 Conclusions
This study has provided a review on multipleantenna techniques in NOMA systems from theory
to technique. First, we presented an investigation of
various key techniques of multiple-antenna NOMA
systems, including CSI acquisition, user clustering,
superposition coding, and SIC. Then, we reviewed
the issues related to multiple-antenna techniques
for two-user NOMA systems. Subsequently, we
presented an overview on multiple-antenna NOMA
transmission in multiuser and massive-connectivity
scenarios. Then, we went ahead to provide a review
of multiple-antenna NOMA in various heterogeneous networks. Finally, we discussed the potential
challenges for NOMA based on multiple-antenna
techniques and pointed out some possible future
research directions.

7.5 Cell-free NOMA
Compliance with ethics guidelines
5G and B5G wireless networks are required to
provide a wide coverage for a massive number of
UEs. However, the current centralized cell architecture leads to a severe far-near eﬀect. Speciﬁcally,
the central UEs receive strong signals and weak interference, while edge UEs receive weak signals and
strong interference. As a result, the quality of the
received signals at edge UEs cannot satisfy the requirements of QoS, and then the cell coverage is limited. To solve this problem, a feasible way is the use
of cell-free architecture. In particular, the BS antennas are distributed over the whole area, and they are
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