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Abstract

Heterogeneous ultra dense networks (HUDNSs) and non-ootiedgnultiple access (NOMA) have
been identified as two proposing techniques for the fifth gation (5G) mobile communication systems
due to their great capabilities to enhance spectrum effigiefihis article investigates the application
of NOMA techniques in HUDNSs to support massive connectiuitypG systems. Particularly, a unified
NOMA framework is proposed, including power-domain NOMAdarode-domain NOMA, which can
be configured flexibly to serve different applications sc&rsa As a further advance, the unified NOMA
framework enabled HUDNS is further investigated, with jgatar focuses on the user association and
resource allocation. Two case studies are provided for detrating the effectiveness of the unified
NOMA enabled HUDNSs. Finally, some main challenges and psinrgi research directions in NOMA
enabled HUDNSs are identified.

Index Terms

Heterogeneous ultra dense networks, non-orthogonal preiliccess, massive connectivity, user

association, and resource allocation.

. INTRODUCTION

The last decade has witnessed the densification of wiretgsgrks due to the various types of wireless

communication services. In order to support explosive ttaffic, the concept of heterogeneous network
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(HetNet) has been proposed by overlaying small cells with t@nsmit power to macro cells. Through
the dense deployment of small cells, throughput and spacéfiiciency of cellular networks can be
enhanced significantly [1-3]. Moreover, it is predicatedttmternet of Things (IoT) will bring critical
challenges for the fifth generation (5G) communicationayst as billions of devices are to be connected.
In order to support massive connectivity with heterogeseguality of service (QoS), non-orthogonal
multiple access (NOMA) has attracted extensive attentiduns to its potential capability to enhance
spectrum efficiency [4—7]. The key idea of NOMA is to enableltiruser transmission within the same
resource block (RB), i.e., frequency/time, by using vasipower levels and/or different codes. Driven by
the key characters of heterogeneous ultra dense netwotdBNId) and NOMA, it is natural to invoke
NOMA technique in HUNDs to support heavy data traffic as wsllpaovide massive connectivity.

Existing NOMA can be mainly categorized into power-domai@MA (PD-NOMA) and code-domain
NOMA (CD-NOMA) including low-density spreading CDMA (LDEDMA), low-density spreading
OFDM (LDS-OFDM), and sparse code multiple access (SCMA)ictvidistinguish users by different
power levels and codes, respectively. Despite of the gmpwiitempts and extensive efforts on NOMA,
most of the studies have focused on the performance analfyse&rious NOMA techniques individually,
such as PD-NOMA and CD-NOMA. However, different scenariagehdifferent preferred NOMA tech-
niques. For example, if users experience very bad chanmglittens due to the near-far effect or in a
moving network, PD-NOMA can be a better candidate. If usemedence poor channel conditions but
requiring high reliability, SCMA is preferred due to its §lirag gain and near-optimal message passing
algorithm (MPA) detection. Therefore, it is desired to desa unified NOMA framework for 5G systems
to support various scenarios. The core idea of the propasiiediNOMA is to provide a multiple access
(MA) framework, which is capable of supporting massive aextivity with heterogeneous QoS by using
the same hardware infrastructure.

The goal of this article is to provide an unified NOMA frameWwa@nd investigate its application in
HUNDs to support massive connectivity for 5G and IoT. As btite dense deployment of small cells
and the non-orthogonality in resource sharing bring seudrsference, user association and resource
allocation are very challengeable to support massive adivitg. Particularly, the following two issues
should be addressed when designing the unified NOMA enabléd$:

1) User association user association process should consider both intrafénégrce from the same
cell and inter interference introduced by the same cell al$ ag neighboring cells. Therefore,
controlling the number of users assigned to each cell canrbefficient approach to control
interference.

2) Resource allocation once users are allocated into different cells, how to astigm with the most



suitable cell and proper transmit power for NOMA users witkttie same cell becomes critical.
Thus, efficient resource allocation and interference cbstthemes are more than desired in NOMA
enabled HUNDs.

The rest of this article is organized as follows. We firstadiice the concepts of HUNDs and NOMA
techniques. Then we explore how NOMA techniques can be egppi HUNDs to enhance spectrum
efficiency and support massive connectivity. Subsequenttypropose a unified NOMA framework and
investigate its application in HUNDs in section Ill. Specdily, we provide both the uplink and downlink
cases for the unified NOMA enabled HUNDs. We discuss usercagg&m and resource allocation in
NOMA enabled HUNDs. In section IV, we provide related caselss for the proof of concept. We
also identify some potential research challenges in unfi&dMA enabled HUNDs in Section V before

giving the conclusion remarks in Section VI.

II. OVERVIEW OF NOMA-ENABLED HUDNS

In this section, we first introduce the basic principles of BNk and NOMA techniques, respectively.

Then we discuss the general architecture of NOMA enabled N&J» support massive connectivity.

A. HUDNs

The density of wireless networks is invoked by the large nemdf devices, such as tablets, smart
phones, and IoT devices. To provide higher throughput ardtegm efficiency, HUDN technique has
attracted extensive research interest [1]. ParticulallypONs refer to networks that involve many different
types of small cells to make the access points getting as depossible to end users [2]. Besides macro
cells, HUDNs contain cells with various sizes, such as paltscfemto cells, and relays, which normally
transmit at lower power than macro cells and can offload daffict from the macro cells. With the
increasing density of small cells, the backhaul networkacép and spectrum efficiency can be enhanced
significantly. However, it is unrealistic to deploy smalllsewith infinite density in practical scenarios.

Therefore, extensive research efforts are required tauoaphe reality of densification networks.

B. NOMA

In order to satisfy the requirements of massive connegtaiitd higher spectrum efficiency, NOMA has
been identified as a proposing technique in 5G systems [45athpared with the orthogonal multiple
access (OMA) techniques, such as FDMA and TDMA, NOMA bredies arthogonality by allowing
multiple users sharing the same physical resource. Morgcpkarly, the virtue of superposition coding

is adopted to generate signals for multiple users at tratensii At receivers, according to the adopted MA



approaches, different multi-user detection (MUD) aldoris, such as successive interference cancellation
(SIC) and MPAs, can be implemented to remove co-channefénénce. In general, MA techniques can
be classified into PD-NOMA and CD-NOMA. Extensive researabrkwvhas been carried out on PD-
NOMA [4,6,8-11] and CD-NOMA [12-14], respectively.

C. Understanding NOMA in HUDNs

Driven by the above overview, both HUDNs and NOMA are congdeas promising techniques in 5G
systems to enhance spectrum efficiency and to support neassinectivity. Therefore, NOMA enabled
HUDNSs are capable of further improving the spectral efficieby offering more access opportunities.

Fig. 1 illustrates the architecture of NOMA enabled HUDNs.can be observed that small cells,
including femto cells, pico cells, and relays, are denselylayed through the whole network, which can
enhance the system capacity significantly. In NOMA enabl&tbNs, NOMA technique is adopted in
each small cell to enable multiple users sharing the samenRBe the massive multiple-input multiple-
output (MIMO) technique is employed by macro cells. Moretigafarly, macro cells can be connected
to core networks by optical fiber or wireless backhaul nekspeand it is assumed that the number of
antennas equipped at each macro BS is much larger than theenwhusers. For small cells, each user
is equipped with single antenna and NOMA techniques are taddjp support multi-user transmission
over the same RB.

More specifically, the pico cell in Fig. 1 gives an example &-ROMA, which has low-complexity
receivers and is preferred by applications with less @gin on reliability. It can be observed that pico
BS allocates different power levels for PD-NOMA users adewg to their channel conditions. At User
1, who has best channel condition and lowest transmit pdyespplying SIC, signals for the other users
with higher transmit power levels will be detected first ahdteacted from the received signal. Then the
desired signal for User 1 can be obtained. While for Usassigned with highest transmit power, signals
for other users will be treated as noise when detecting its signal. Moreover, femto cell shown in
Fig. 1 gives an illustration of multi-user transmission loydking CD-NOMA, which is more suitable
for cases requiring higher reliability. We observe thatrada femto cell carry out MUD-based MPA
individually to alleviate error propagation effects. AftMPA detection, the soft information of users
is output to Turbo decoder, and the iterative process betWwéeA detector and Turbo decoder further
enhances the detection performance.

In HUDNSs, users may experience very different channel dami when connecting to BSs from
different tiers. It has been identified that different NOM@&chniques have different performance in

terms of supporting massive connectivity under varioushaudes, i.e., applications requiring different



reliabilities and/or transmission rates. The same user memd different NOMA techniques when it
experiences various channel conditions and has differansmission requirements. Therefore, different
hardware architectures are required to support such wsgoanarios, which brings bottleneck for the
real implementation of NOMA techniques. It is necessary riovige a unified NOMA framework for
HUNDs, which can be implemented on the same hardware actiniee but with flexible capability to

support various scenarios.

Il. A UNIFIED NOMA FRAMEWORK FORHUDNS

In this section, we first propose a unified NOMA framework fod BINs, in which both the uplink
and the downlink are investigated, respectively. Then wadresb user association and resource allocation

issues in the considered HUDNs with the proposed unified NOikdfework.

A. Overview of HUDNs with Unified NOMA

In this part, we propose a unified NOMA framework, which camseboth PD-NOMA and CD-NOMA
techniques. As shown in Fig. 2, we first map the superposathlsigpf multiple users to single RB or
multi-RB over a sparse matrix, in which most of the elemengsz&ro. Note that single RB and multi-RB
correspond to single carrier and multi-carrier, respetyivin other words, single carrier NOMA (PD-
NOMA) is the special case of multi-carrier NOMA (CD-NOMA)h& rows and columns of the sparse
matrix represent different RB and different users, respelgt Here, “1” represents the user occupies
the corresponding RB and “0” otherwise. The use of such assparatrix is essential to capture the
features of SCMA [12] and pattern division multiple acceB®MA) [13], where the optimal design
of sparse matrix for CD-NOMA is capable of reducing detatttmmplexity at receivers. In particular,
SCMA and PDMA are belong to CD-NOMA's different types of fapmin which the equal and unequal
column weight sparse matrixes are employed, respectiltely.worth noting that in HUDNSs, each cell
can choose PD-NOMA or CD-NOMA scheme based on the pre-cawmtign of the BS. We will present
the details of PD-NOMA and CD-NOMA, i.e., SCMA and PDMA, anseua two user case to illustrate
how the unified NOMA framework works in the following.

Regarding PD-NOMA, a transmitter is capable of multiplexmultiple users via different power levels
within the single subcarrier, i.e., the first row of sparsdrives illustrated in Fig. 2. At receivers, PD-
NOMA exploits SIC to remove the multi-user interference ditnally, PD-NOMA can be also realized
in multi-carriers, with the aid of appropriate user schaduland power allocation approaches [8]. It is
worth noting that downlink multi-user superposition tramssion (MUST), which is essentially a special

case of PD-NOMA, has been standardized.



CD-NOMA can be regarded as a special extension that direatlgs data streams of multiple users
into multiple carriers by using the sparse matrix or low dgnspreading code at transmitters, as shown
in the multi-carrier case in Fig. 2. At receivers, multiplesews are distinguished by MPA to obtain
the multiplexing or coding gains. For example, SCMA utifize sparse matrix, in which each column
can be selected from the predefined codebooks. With the diménsional constellations to optimize
codebooks, SCMA is able to achieve enhanced shaping andggdins. While for PDMA, the core
concept is to jointly optimize transmitters with sparsetgrat design and receivers with MPA-based
detection. The design of sparse pattern can provide digpalaersity for multiple users and further
reduce the complexity of detection. Additionally, phasitisity is an effective way to obtain constellation
shaping gain. It is worth noting that the pivotal differermsween these two schemes is that the number
of RBs occupied by each user has to be the same in SCMA, whiMA°Bllows a variable number of
RBs to be occupied by the same user. For another CD-NOMA sehemti-user shared access (MUSA)
[14], each user’'s data symbols are spread by a special speggetnce to facilitate SIC implementation.
This kind of spread sequence can be selected from the spatsg as illustrated in Fig. 2, which requires
special design to achieve low cross-correlation. Note itinaltiple spreading sequences constitute a pool,

where each user can select one sequence from it.

B. Uplink and Downlink Design for NOMA Enabled HUDNs

1) Uplink Design: To facilitate understanding the uplink design in the unifd@MA framework, we
present specific examples in the following. For uplink PDMI& multiple users transmit messages to the
BS by the same RB. As shown in Fig. 2(a), when using the spaasexnfior PD-NOMA, multiple users’
signals are mapped into RBs in the first row of sparse matrhilenthe rest rows of the sparse matrix
are set to zeros. Notice that power control strategy is d igsae in the uplink NOMA transmission,
especially when powers received at users are significargtindt. We employ SIC at BSs to decode and
subtract the information of the nearby user first, then deabé message of the distant user. By doing
so, the data rate of the distant user can be guaranteed. FINQ@NDA, each user selects one or several
columns from the sparse matrix and then maps its informatomultiple RBs by using the spreading
code. For example, considering the case that each usetsseldg one column and spreads its message
to “1”, then the data streams df users are superposed throughRBs to construct the sparse matrix
with dimensions of’ x NV at the BS. The sparse properties of matrix is conducive f@eémenting the
MPA detection. To guarantee the fairness among users, drbyeser selects one column with smaller
column weight, while the distant user selects column witlgda column weight. Such operation can

enhance reliability of received signals for multiple users



2) Downlink Design:The key feature of the downlink design in the unified NOMA feamork is that
multiple data streams of different users are superimpos@&fa. Then BSs transmit the superimposed
signals to multiple users simultaneously. More partidylax BS maps multiple users’ signals into single
or multiple carriers over the sparse matrix. In the follogyime use a two-user case to illustrate how the
downlink of the unified NOMA framework works.

For PD-NOMA shown in Fig. 2(b), the BS maps signals of mudtipkers into a single RB by utilizing
one row of the sparse matrix with dimension bfx % and then transmits superposed signals to two
users. It is observed that one row including multiple “1"saidtes that the data streams from one user can
be spread into multiple layers, which can provide more fléigbfor resource mapping. While for CD-
NOMA, a user’s data streams are directly mapped into mutiog sharing multiple spread sequences. As
a further advance, the superposed signals of two users mneltited at the BS, which will be transmitted
to the destination. Similar to uplink design, optimal desaf the sparse matrix can further enhance the
detection performance. At the receiver, MPA is implemerntedecover the desirable user’s signals. From
a practical perspective, computational complexity at #ter will grow exponentially with the number
of users increasing. Hence, how to reduce the detection leaitypfor CD-NOMA should be taken into

account in the 5G standardization process.

C. User Association in NOMA Enabled HUDNSs

The distinct characteristics of the HUDNs with unified NOM#Aevitably necessitate the redesign of
user association algorithms. In contrast to the conveatioger association approaches, on the one hand,
the dense deployment of small cells introduce severe interference as the neighbouring cells share
the same RB. On the other hand, NOMA brings extra intra-detence from the same BS, hence making
the user association design more challengeable.

In order to address these two issues, we propose a flexiblasseciation design for the unified NOMA
enabled HUDNSs, in which a NOMA user is allowed to access theoB&ny tier in order to achieve
the best coverage. As shown in Fig. 3, we take the PD-NOMA gseaific example. For simplicity, we
consider that all BSs of HUDNs operate over the same orthalg®B. Assuming that each user connects
with one BS at most, while one BS can serve two users by adppiidMA techniques. Particularly, we
propose to associate users to BSs based on the maximum enmagr received at each NOMA user.
In other words, each user not always access the nearest BSallowed to access any tier BS. Such
a user association scheme is fundamentally different flioenconventional approach, which associates
users with the nearest BS and may lead to the association sif users with small cells as their BSs

are much closer to end users. As illustrated in Fig. 3, eacth&Sbeen associated with some users.



When a new user joints the network, its association shoulddtermined by considering the effects of
both transmit power disparity of HUDNs and power sharingfficients of NOMA users associated to
the same BS. Based on this flexible user association approathork performance of NOMA enabled
HUDNSs has been investigated in [9], which has analyticaiyndnstrated that NOMA enabled HUNDs

outperform the conventional OMA enabled one.

D. Resource Allocation in NOMA Enabled HUDNSs

Resource allocation is another significant aspect for dasgNOMA enabled HUDNs. Note that
the implementation of NOMA brings more sophisticated casulel interference to existing HUDNS,
such distinct characteristics lead the resource alloegtimblems more challengeable. Fig. 4 provides
an illustration of resource allocation for our proposediediNOMA enabled HUDNs framework. More
particularly, date streams of different users can be spogad multiple RBs, where “1” and “0” denote
whether there exists a resource mapping between the condisyy user and RB. More specifically,
the shaded blocks refer to the RB occupied by users’ datagchwinidicates a mapping. Technically,
each user can select one column from the sparse matrix randdiowever, to improve the detection
performance, distant user prefers to select one columnlaigier column weight for resource allocation.
While nearby user tends to select one column with smallarmanlweight. Furthermore, by multiplying
a power sharing coefficient with each column, network penmmce can be further enhanced. Finally, we
employ MUD-based SIC/MPA to detect and output the inforprafior the desired user.

For resource allocation in NOMA enabled HUDNSs, several fgmis should be jointly considered for
intelligently tackling the intra-BS and inter-BS interégices: i) the number of users to be allocated in
the same RB; ii) which users should be allocated into which &Rl iii) the power sharing coefficient
for each RB as well as for users sharing the same RB. For exarfyl single carrier system, the
superposed signal of multiple users can be mapped into &stagrier over different power levels. The
power allocation between NOMA users should be considereefudly. For multi-carrier system, the
superposed signal can be mapped into multiple sub-carmédrere the NOMA users can select which
sub-carrier to employ based on their requirements and thesider power allocation. All these problems
can be addressed by properly designing the sparse matritsacwtresponding power sharing coefficients.
Actually, due to the unique character of intra-BS intenfee brought by NOMA, resource allocation
in NOMA enabled HUNDs becomes mix integer non-convex ogation problems, which usually tend
to be NP-hard. Hence, efficient resource allocation algorét are more than desired. Matching theory
can be invoked as an effective approach for achieving goadetff between system performance and

computational complexity. With invoking matching theotfye authors in [11] have proposed an effective



resource allocation approach to show that NOMA enabled HEBheme is capable of achieving a

higher sum rate compared to the OMA-enabled one.

IV. CASE StTubY FORNOMA ENABLED HUDNS

In this section, we evaluate the unified NOMA enabled HUDNsibyulations. For simplicity, we con-
sider the uplink transmission of PD-NOMA. In the followinge provide two case studies to demonstrate

user association and resource allocation in the unified NGiviAbled HUDNS, respectively.

A. User Association in NOMA Enabled HUDNSs

In this study, we illustrate how the density of small cellfiiences the user association in NOMA
enabled HUDNSs. Here, we consider user association in the wdere the proposed unified NOMA
framework is applied in HUDNs based on a stochastic geommugel. More particularly, the locations
of BSs and users follow homogeneous Poisson point procebsdlse consider network, macro cells
employ massive MIMO and small cells adopt NOMA to support shasconnectivity, and the maximum
average received power approach is adopted to determimeasiseciation as aforementioned in section
lll. More details of the considered network configuratioas de found in [9].

Fig. 5 plots the user association probability of the unifiecdNWA enabled HUDNSs with three layers,
i.e., K = 3. In this case, the density of macro BSs is fixed, while the idiessof pico BSs and femto
BSs vary correspondingly. It can be observed that NOMA upezfer macro cells when the density of
small cells is relatively low. With the densification of sineg¢lls, which is the case of HUDNs, NOMA
users show a higher intention to be associated with BSs im quicl femto cells. It is also worth noting
that NOMA users have a higher probability to be associatdd ®5s in femto cells even though BSs
in pico cells transmit at a higher power level. This is caubgdhe dense deployment of femto cells,

which also revels the effectiveness and benefits of the NOMa&bkd HUDNS.

B. Resource Allocation in NOMA Enabled HUDNSs

In this study, we compare the performance of our unified NOMAlded HUDNSs with the conventional
OMA enabled scheme in terms of both fairness and sum ratescdiVsider a HetNet with two tiers,
in which the macro cell and small cells reuse the same set af RBother words, we can refer to the
small cells as the underlay tier. We allow each small cell 8Sdrve two users via NOMA by using the
same RB. Our goal is to maximize the sum rate of NOMA enabledllscell BSs via proper RB and
power sharing coefficients schemes. More particularly, d@pathe matching theory for user allocation

and sequential convex programming for power control [11].
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Fig. 6 plots the fairness and sum rate of resource allocagosus the total number of small cell BSs,
respectively. Heres is the maximum number of small cell BSs occupying the samedrBefstricting the
co-channel interference. Jains fairness [15] index is tatb{w evaluate the performance of the considered
networks. We can observe that the fairness performanceasss with the number of small cell BSs
in Fig. 6(a). This is because that large number of small c8§ Beads to more severe competition for
limited spectrum resources. Consequently, more smallB®4 with poor channel conditions can not be
accessed. We can also note thatascreases, a higher fairness rate can be achieved. Thisisitd to
the fact that more small cell BSs can be multiplexed on eachvirBch increases the multi-user diversity
gain. It is also worth noting that the unfied NOMA enabled HUDNave superior performance than the
conventional OMA scheme both in terms of fairness and sum wlhich demonstrates the effectiveness

the proposed structure.

V. RESEARCHCHALLENGES IN NOMA ENABLED HUDNS

To support massive connectivity and enhance spectrumeeftigiin 5G systems, the following research

problems should be addressed in the NOMA enabled HUNDs:

« Energy efficiency in NOMA enabled HUNDs one of the potential applications of NOMA enabled
HUNDs is loT for smart cities, in which massive number of deg need to be connected. The unified
NOMA enabled HUNDs provide a practical infrastructure téeoimassive access opportunities for
such large number of devices, especially for the cases Hudt device only needs to send a small
amount of data periodically. However, these devices arenally restricted to power consumption
as they are powered by battery. In order to extend the batifatyme of these IoT devices,
i.e., devices are expected to keep live for ten years, theggnrefficiency is under investigated.
Particularly, higher data transmission rate results intghairtime, however, the power consumption
for data transmission becomes higher. With lower power @ondion, the achieved transmission
rate becomes lower, which extends the airtime. Therefbeetradeoff between data rate and airtime
should be considered to maximize battery lifetime of device

o Big Data aided Adaptive NOMA in HUNDs: loT devices normally have limited processing
capability, while some devices, i.e., mobile phones, apabke of performing more complex tasks.
Meanwhile, it is noted that different NOMA schemes requuléferent complexity levels at the user
side. For instance, SIC receiver is relatively simple, Whitcakes PD-NOMA more suitable for 10T
devices. Therefore, a software-defined NOMA network aechiitre is desired to achieve adaptive
NOMA with awareness on complexity to support different useenarios. Machine learning can

be invoked to predict the data traffic for different user su@rs. Adaptive MA technique can be
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categorized into two types, including pre-settings andHiiege settings. Pre-settings refer to assign
the MA technique according to historical social media infation, such as the number of users
within a given area in several months or one year. The ra@-settings adjust the MA technique
based on the real-time feedback from social media.
« Testbed for NOMA enabled HUNDs even though extensive research has been carried out on the

performance analyses and algorithm designs for NOMA edaHINDs, there is still a large gap

to the real implementation of NOMA in HUNDs. For the proof aincept, a testbed is more than
desired to demonstrate the effectiveness of the proposei@diNOMA enabled HUNDs. More
particularly, the idea of software defined radio (SDR) carmaldepted to enable BSs to select the

proper NOMA technique smartly according to different apation scenarios.

VI. CONCLUSIONS

This article has envisioned NOMA enabled HUDNs as a prorgisiolution to support massive
connectivity in 5G systems. Instead of focusing on specif@MM techniques individually, we have
proposed a unified NOMA framework. Moreover, we have ingegéd the application of the proposed
unified NOMA framework in HUDNs. We have further explored tirdical challenges on user association
and resource allocation in NOMA enabled HUDNS, as both theseeleployment of small cells and the
non-orthogonality in resource sharing bring severe interice. Additionally, we have carried out related
case studies, which have provided important insights ferftiure design of NOMA enabled HUDNs

to support massive connectivity in 5G systems.
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