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Abstract

Since it can offer higher spectral efficiency by granting the served data to share the same spectrum
resource synchronously, non-orthogonal multiple access (NOMA) is considered as a bright multiple
access technique for future wireless networks. Accommodating a large number of users with NOMA
mode may easily cause inappropriate power assignment problem and result in performance degradation.
As a result, existing NOMA operation unit mainly focuses on the two-user scenario, where a centre user
is only paired with an edge user. However, such a user pairing strategy will also introduce an unbalance
to their data rate fairness. Hence, it is of great importance to develop an effective structure that facilitates
low decoding complexity, high system performance, and reasonable user fairness with NOMA. To this
end, this article proposes a novel NOMA operation unit, in which successive interference cancellation
can be performed to accommodate an arbitrary number of users by integrating NOMA technique with
the orthogonal resource allocation strategy. Besides, the proposed NOMA operation unit can further
improve edge user’s achievable rate by incorporating the index modulation technique according to the

data service demanded by centre users.



I. INTRODUCTION

With the rapid development of wireless transmission and mobile networking technologies,
there is an explosive growth in both the quantity and diversity of wireless services and smart
devices. To support the huge demand on data traffic, non-orthogonal multiple access (NOMA) is
considered as a bright multiple access technique for future mobile communications systems [1],
[2]. It can be primarily realized in code and power domains [1], and combined with either single-
carrier or multi-carrier transmission [2]. Although multi-carrier NOMA can promise attractive
advantages, there exist some challenges in such as sophisticated codebook design and trading
off the system performance and complexity [3]. On the other hand, thanks to its implementation
flexibility, power domain NOMA has been applied in various scenarios.

NOMA breaks the limit of the existing orthogonal multiple access (OMA) techniques, and

exhibits huge inherent potential in the following aspects:

o Higher capacity: The reason lies in that NOMA can share the entire time and frequency
resources for all served users by superimposing their signals with different powers, whereas
the OMA users are usually limited by the degree of freedom in time or frequency.

o Denser connection: Unlike OMA, in which the principle of orthogonality has put strict
limitation on the number of connections, NOMA can in theory accommodate an arbitrary
number of users by superimposing their signals regardless of the resource orthogonality.

« Lower latency: By contrast with 10 ms required by the 3rd Generation Partnership Project
(3GPP) Long-Term Evolution (LTE), NOMA is expected to offer lower latency due to its
flexible user scheduling.

Besides, NOMA shows good compatibility with other existing techniques, such as massive
multiple-input multiple-output (MIMO), millimeter wave (mmWave) communications [4], and
wavelet fourier transform [5].

For NOMA, a massive access of the served users synchronously may easily result in compro-
mised system performance with inappropriate power allocation. As a result, the current NOMA
operation unit mainly focuses on the two-user scenario, where a centre user is paired with
an edge user [6]—[8]. Such a two-user pairing strategy can reduce the decoding complexity of
the centre user who has limited processing capability [9]. However, it may also result in poor

performance/fairness for the edge user with respect to the centre one. It has been pointed out



that by allocating more power to the edge user via, e.g., optimizing the minimum rate of the
paired users [10] or ensuring the rates of both users to be the same as that provided by OMA
[11], their performance/fairness can be improved significantly. Unfortunately, by doing so, the
system’s sum rate will decrease since the power assigned to the centre user is less. On the
other hand, the superiority of NOMA over OMA is highly dependent on the near-far effect
constructed by the involved users [9]. The existing pairing strategy that considers only two
users cannot necessarily exploit the advantages brought by NOMA. Configuring or selecting
the involved users, not necessarily two, to further exploit the near-far effect of the considered
network is a goal of this article.

The rest of this article is arranged as follows. We first give an overview of the literature on the
existing NOMA operation units, and then describe the proposed NOMA operation unit and its
generalized form, where the three scheduled users case is presented to illustrate the advantages
in Section II. The proposed operation unit with index modulation (IM), which is developed to
further improve the edge user’s performance, is illustrated in Section III. In Section IV, the main

challenges on network implementation are discussed. Finally, Section V concludes this article.

II. STRUCTURES OF NOMA OPERATION CELL
A. The Existing NOMA Scheme

Assume that the number of users is L, and channel coefficients between the base station and
L users {Uy,...,UL} are independent of each other with average channel gains {v¢,,...,v, }

satisfying vy, < --- < qy,. An effective power allocation scheme can be employed, where

. . . . . 2 —_ . . .
the power allocation coefficient associated with U; is p; = Z%W, which is different
L—l+1

from the one proposed in [6], where p; = 4/5 and ps = 1/5 for L = 2 and p, = 2L(L+1)

with Zle p =1 for L > 2.! However, it is inadvisable to serve all users in a resource unit
to perform NOMA. The reasons are twofold. Firstly, such a network is an interference-limited
system, and accommodating a large number of users may easily cause inappropriate power

assignment problem and result in performance degradation. A L = 3 case is shown in Fig. 1,

'The dynamic power allocation coefficients according to instantaneous channel state information (CSI) can also be applied to
the considered network. For the sake of presentation, we assume the statistical S-CSI is known to the considered network, and

the fixed power allocation scheme is naturally designed for the proposed system.



from which we can see the outage probability with the proposed power allocation factors is
better than that with the power allocation factors proposed in [6] and that with random power
allocation. Secondly, channel gain differences cannot be guaranteed to be distinct enough. To
solve these problems, users are separated into different groups and radio resources are shared non-
orthogonally within each group and orthogonally among different groups.> A typical two-user
pairing NOMA operation unit is investigated mathematically in [6], where the power allocation
factors for cell-edge user (Ug) and cell-centre user (Ug) are fixed as p; = 4/5 and py = 1/5,
respectively, and they both share the entire bandwidth B. In fact, the superiority of NOMA over
OMA can be further improved by scheduling the users who show distinct channel conditions
appropriately. This can be realized by using the distributed matching algorithm [7], which is
shown to improve system performance significantly. However, on the one hand, the scheduling
algorithm is complex, especially when users’ number is large, e.g., in a macro-cell scenario; on
the other hand, even using this algorithm, users may not be optimally paired if the search is
limited to a single unit or the OMA operation among groups is based on time and/or frequency.
Moreover, as shown in Fig. 2(a), the fairness of such a two-user NOMA scheme in terms of
user’s achievable rate is lower than that of OMA at high signal-to-noise ratio (SNR), in which
the resources allocated to both users are non-overlapped. This can be explained by the fact that
the edge user takes the centre user’s signal as interference signal to decode its symbol resulting
in a fixed achievable rate log (1 + £*) with p — oo, while the achievable rate of the centre
user can be approximated as log,(p), where p denotes the SNR. The fairness can be improved
if power coefficients are allocated appropriately to satisfy p; > po, but such power allocation
strategy results in system sum rate degradation since the power assigned to the centre user who

has better channel gain is very small, as shown in Fig. 2(b).

B. Proposed Structure

1) Concept and Design: For the conventional NOMA scheme, channel gains of the grouped
users in the same operation unit are necessarily distinct, and can be sorted in an ascending or a

descending order. Besides, only two scheduled users are multiplexed to reduce the complexity

2For multicarrier NOMA, such as sparse code multiple access (SCMA), no scheduled user can share all subcarriers. However,

in our proposed scheme, paired with each cell-centre user to perform NOMA the cell-edge user shares the whole bandwidth.



caused by the application of successive interference cancellation (SIC). However, as mentioned
earlier, the fairness of the conventional scheme is poor at high SNR [6]. Although some ap-
proaches have been suggested to guarantee the quality of service (QoS) of the edge user, such
as the achievable rate or outage probability [10], [11], the problem of user fairness has not been

satisfactorily solved. In the sequel, we will answer the following questions:

o How to perform NOMA effectively when there exist many centre users whose channel
conditions are not distinct enough?

o Can we enhance user fairness?

Consider a cell network, which is comprised of one base station (BS), M cell-edge users and
K cell-centre users with M < K. We assume that the K cell-centre users can be divided into
M groups to form a multiple-unit cell, of which the m-th operation unit has a cell-edge user
Ui and N™ cell-centre users {Uy1, ..., Upnm} with M N™ = K, and the N™ cell-centre
users have close average channel gains, as shown in Fig. 3(a). The orthogonal frequency division
strategy is applied to the N cell-centre users of the m-th operation unit, namely there are N™
orthogonal subcarriers serving the N™ + 1 users, and thus the cell-edge user U, g 1s paired with
each cell-centre user to form a multiple-pairing unit to perform NOMA, as shown in Fig. 3(b).
More specifically, assuming that the total bandwidth for the m-th group is B, the frequency band
assigned to U,,; (which denotes the i-th cell-centre user in the m-th group withi € {1,..., N™})
is B; = B/N™, and U,,g is paired with each U,,; to perform conventional NOMA. This means
that U, will be paired N™ times. Let U,,g; denote the image of U,,p that is paired with U,,;
in the i-th NOMA operation pair. Therefore, for the i-th pair, the power allocation coefficients
for U,,; and U,,g; are o; = po/N™ and (3; = p;/N™ according to the conventional two users
structure, where p; = 3/4 and p, = 1/4 from our proposed power allocation scheme, and the
total power and bandwidth allocated to U,,z amount to p, and B, respectively. Clearly, such
a grouping scheme will not bring heavy computational burden on U,,; to perform SIC as only
two users are scheduled to do NOMA. In addition, it is costless for the cell-edge user to obtain
its required signals as the decoding in different frequency bands can be performed in parallel.
The frequency bands can be flexibly configured to either boost the data rate given an outage

probability to harvest the multiplexing gain or improve the outage performance given a data rate



to harvest the diversity gain.® This property is shown in Fig. 4.

2) Performance demonstration: To better illustrate the advantages of our proposed NOMA
operation unit, we conduct numerical analysis with N™ = 2 for the m-th group, where there
exist two U, ¢ = 1, 2, and U,,p, and «; = 1/8 and f; = 3/8 for the i-th pair. To begin
with, let us take a brief overview of the conventional NOMA and OMA for a three-user case.
Specifically, for conventional NOMA, more power is allocated to the user requiring higher QoS
as the channel qualities for the two cell-centre users are almost identical. Assume that U,
has a higher QoS than U,,;, and the power allocation coefficients for U,,g, U2, and U,,; are
ps = 3/6, po = 2/6, and p; = 1/6, as suggested in [6]. For OMA, we take frequency division
multiple access (FDMA) and time division multiple access (TDMA) as examples, where the
radio resources are averagely assigned to all involved users. As performance metrics, we take
the sum rate, outage behavior, and fairness. Detailed simulation results are provided in Fig. 4,
where one can see that TDMA shows worse performance than FDMA due to the fact that TDMA
receives background noise across the entire bandwidth, and the proposed NOMA scheme also
significantly outperforms TDMA. However, compared with FDMA, the proposed NOMA exhibits
superiority on achievable sum rate but inferiority on outage probability if the cell-edge user wants
to acquire full multiplexing, as shown in Fig. 4(a), or better performance on both achievable
sum rate and outage probability if the cell-edge user wants to acquire full diversity, as shown
in Fig. 4(b). In fact, the outage performance of the cell-edge user with full multiplexing can be
further improved and even better than its counterparts in FDMA if more power is assigned to
it. It can be understood as the multi-user interference suffered by the cell-edge user from the
cell-centre user will be reduced. Moreover, the proposed NOMA overwhelms the conventional
NOMA in terms of outage performance and fairness as the former can suppress the multi-user
interference effectively, and they can be comparable in terms of achievable sum rate when the

cell-edge user acquires full multiplexing.

C. Generalized Proposed NOMA Operation Unit

In the m-th NOMA operation unit, as shown in Fig. 3(b), U,,,g is paired with N™ centre users

to implement NOMA. Therefore, there exist C'(N™, M) combinations for U,,g to select N™

3The full multiplexing here denotes that the cell-edge user’s required signals carried by each frequency band are different;

while the full diversity denotes that the cell-edge user’s required data transmitted by different frequency band are the same.



cell-centre users to perform NOMA, which is different from conventional NOMA whose user
scheduling is only limited to a local cluster determined by coordinated beamforming [12]. We
can find the global optimal user scheduling scheme for the cell-edge user to further improve its
performance by selecting the cell-centre users according to the given objective function, such
as sum rate, outage probability, or user fairness, with the existing practical algorithms, e.g.,
monotonic optimization, successive convex approximation, and game theory [13].

In fact, it is not necessary to guarantee that all the N™ cell-centre users who perform NOMA
with U,,p in the m-th group have close average channel gains. Consider the case that the cell-
center users in the m-th group have different average channel gains, where the fluctuation of the
average channel power among them is not big, and ~y,,, < --- < Yy, . For the generalized

architecture of the proposed NOMA operation unit, a simple and effective power allocation for

the :-th NOMA operation pair in the m-th group can be obtained as «; = wlzgfi—"j and
i=1 TUpm;
B = wgﬂfi—”“’, respectively, where w; and w- are the weights for the center and edge users,

Zizl VUi
respectively, with w; + ws = 1. A special case is that the weights can be set as w; = 1/4 and

wy = 3/4 according to the power allocation coefficient proposed in Section IILA for N = 2.
Finally, the scheduled users in the proposed generalized model can be allocated with different

powers, depending on their channel conditions.

III. THE PROPOSED NOMA OPERATION UNIT WITH IM TECHNIQUE

IM technique prevails for its capability of striking interesting tradeoff between the spectral
efficiency and energy efficiency by delivering the activation states of some radio resources of
the communication systems to realize information embedding [14]. By integrating NOMA with
IM techniques via the data service demanded of the centre users, the proposed NOMA operation
unit can further improve the edge user’s performance.

Generally, a data service demanded by the user can be usually classified as either real-time
(RT) or non-real-time (NRT). A RT service requires guaranteed latency while the NRT service
shares the total system capacity. Therefore, RT service is given a strictly higher priority than
NRT, which is consistent with the existing studies that a cell-centre user is usually viewed as a
secondary user (SU) while the cell-edge user is regarded as the primary user (PU) [15]. Inspired
by the IM [14] concept and with the demand of RT and NRT services of the cell-centre users,
the proposed NOMA operation unit can be developed to an IM mode (IM-NOMA).



Without loss of generality, assume that N = 4, where U,,; and U,,» require RT services
while U,,,3 and U,,, demand NRT services, as shown in Fig. 5(a). According to the analysis in
Section II, the bandwidths for the pairs of U,,; and U,,g, U2 and U, g, U3 and U,,g, and
Uns and U,,p are By, By, Bs, and B,4, respectively. The two RT service users are activated
to pair with U,,p during each transmission, whereas only one of the two NRT service users,
either U,,3 or U,,4, is activated to pair with U, 5. The active NRT service user is selected by the
input bits of U,,g. In this regard, U,,g’s input bits can be divided into two parts: the transmit
bits d,,p; at each NOMA operation pair and the index bits d’ ,, for activating the NRT service
user. Specifically, we use d! ., = 0 to represent the case that U,,3 is selected as the activated
user while d! , = 1 for U,,4 and vice versa, as shown in Fig. 5(b). This rule is pre-known by
Ung, and the bit message for selecting the active NRT service users can be decoded by U,,g
via active carrier frequency sensing. A description about the above processing is also presented
in Fig. 6(a), where the cell-edge user employs binary phase-shift keying (BPSK) with input data
dmegr = 1, dpype = 1, dyps = 0, and dfn r = 1 while the cell-centre users use four-quadrature
amplitude modulation (4-QAM) with input data d,,; = 01, d,,» = 00, d,,3 = 11, and d,,4 = 10.
As shown in Fig. 6(b), the edge user’s achievable rate with the IM technique can be further

improved.

IV. CHALLENGES ON NETWORK IMPLEMENTATION

As a new network architecture, although it can enhance the spectral efficiency and cell-edge
user’s performance significantly, there exist some open issues and challenges, especially on users’

scheduling and their resource management.

A. Feedback Overhead and Users’ Scheduling Complexity

It has been pointed out that we can find the global optimal user scheduling scheme for
edge user to further improve its performance via feedback signaling. Although the base station
has a centralized processing unit and shows excellent processing capacity, a non-negligible
overhead may be caused unavoidably, especially for the scenario with with huge number of
high mobility users. Fortunately, the existing studies support that NOMA is able to outperform
OMA with statistical channel state information (CSI). Therefore, for the low mobility cases,

channel feedback will be relaxed due to the fact that the average channel gains can be viewed as



an effective parameter for user scheduling. In this regard, the requirement of precise CSI at the
base station for multiplexing the users via power allocation will be relaxed, which will reduce

feedback overhead dramatically.

B. Resource Management Based on CSI

NOMA allows the multiplexed users to enjoy the radio resources synchronously but different
power factors are assigned to them based on their channel gains. Thus, for conventional NOMA
operation unit, first, the channel differences among the users must be distinct, and then an
effective power allocation scheme must be designed for the involved users with their available
CSI knowledges; otherwise the superiority of NOMA over OMA might diminish. However, for
the proposed NOMA operation unit, paired with each cell-center user whose frequency band
is allocated orthogonally, the cell-edge user performs NOMA and shares the total bandwidth.
As such, user fairness is improved significantly compared to the conventional NOMA operation
unit. Moreover, if a flexible power allocation scheme, e.g., the adaptive power allocation strategy,
can be also designed for the proposed network, system performance will be further improved,
especially when such scheme is determined by the precise CSI. However, when network im-
pairment such as channel aging, feedback delay, or some abrupt inter-cell interference happens,
which is a common case in practical networks, precise CSI will not be available and thus system’s
performance will be degraded accordingly. From the aforementioned discussion, for low mobility
cases, a practical power allocation scheme should be designed using the statistical CSI, namely

the average channel gains.

V. CONCLUSIONS

In this article, the weakness of the existing single-cell NOMA operation unit has been dis-
cussed from the perspective of user fairness, and a promising alternative has been proposed. A
generalized single-group network architecture constructed by the proposed NOMA operation unit
has been designed, where the globally optimum user scheduling scheme can be found to further
improve system’s performance. The generalized network architecture has been further developed
by incorporating the IM technique according to the data service demanded by cell-centre users.

It has been pointed out that such an IM-NOMA network can further improve cell-edge user’s
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achievable rate. Finally, the key challenges for the design of network architecture with the

proposed NOMA operation unit have also been highlighted.
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Fig. 1: Outage probability of the single-cell NOMA network with user 1 (U), user 2 (Us), and user 3 (Us) under
different power allocation coefficients, where: (a) p; = 0.65, ps = 0.25, and p3 = 0.1 from random fixed power
allocation scheme (dashed lines); (b) p; = 12/21, po = 7/21, and ps = 2/21 from our proposed power allocation
scheme (solid lines); (¢) p1 = 3/6, p2 = 2/6, and p; = 1/6 from [6] (dotted lines). The channel settings for Uy,
Us, and Us are vy, = 2, vy, = 6, and ~yy, = 10, respectively, and the rate thresholds for them are Rtlh =0.5
bps/Hz, R?, = 0.9 bps/Hz, and R}, = 1.3 bps/Hz, respectively.
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Fig. 2: Comparison of Jains Index (a) and sum rate (b) between NOMA and OMA under different power allocation
coefficients, where FDMA is selected as a representative for OMA. The channel settings for Ug and Ug are
Yo, = 10 and vy, = 2, respectively. The power allocation coefficients for Ur and Uc with NOMA are: (1)
p1 = 0.65 and py = 0.35 (solid lines); (2) p1 = 0.8 and p, = 0.2 (dashed lines); (3) p; = 0.98 and p, = 0.02

(dotted lines), while the resources allocated to Ur and Ug in FDMA are equal.
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Fig. 3: Proposed network structure: (a) the NOMA operation cell comprised of M operation units; (b) the m-th
NOMA operation unit comprised of P operation pairs, and the bandwidth orthogonally allocated to each operation
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Fig. 5: The proposed NOMA operation unit for the m-th group: (a) a generalized architecture; (b) an IM architecture
with N™ = 4; (c¢) the IM principle of (b).
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Fig. 6: The proposed IM-NOMA operation unit for Fig. 5(b): (a) composite constellation with superposition

transmission; (b) achievable rate of the cell-edge user achieved by the proposed scheme with or without IM technique.



