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ABSTRACT

Power domain non-orthogonal transmission is a
promising technology for 5G wireless networks and
beyond, as it can achieve higher spectrum efficien-
cy than the orthogonal kind by multiplexing multi-
ple users in the power domain. This article studies
power domain non-orthogonal transmission for cel-
lular mobile broadcasting to satisfy the increasing
demands on multimedia communications in 5G and
beyond. We first present two schemes for non-or-
thogonal transmission-based cellular mobile broad-
casting: multi-rate and multi-service superposition
transmissions, and then discuss their information-the-
oretical perspectives. Furthermore, we provide system
designs for virtualized network architecture and phys-
ical layer processing, and discuss the key elements.
We present a general superposition transmission
framework to integrate three schemes developed
by the 3GPP and to reduce the complexity of imple-
mentation, and then study constellation rotation to
improve the BER performance of superposition trans-
mission. Finally, we evaluate the SINR coverage per-
formance of the presented schemes, followed by the
main challenges and future research directions.

INTRODUCTION

Mobile data traffic is experiencing explosive
growth and will be up to 1000 times higher by
2020 and beyond, of which more than 70 percent
will be videos according to the Cisco forecast.
This challenge activates researchers and standards
bodies to develop fifth generation (5G) wireless
networks and beyond. The International Telecom-
munication Union — Radiocommunication Stan-
dardization Sector (ITU-R) presents three usage
scenarios for 5G networks — enhanced mobile
broadband (eMBB), ultra-reliable low-latency com-
munications (URLLC), and massive machine type
communications (MMTC) — and requires that 5G
networks can provide superior capabilities, espe-
cially in data transmission rate and spectrum effi-
ciency. To satisfy these challenging requirements,
several fundamental technologies were discussed
in [1], such as massive multiple-input multiple-out-
put (MIMO), millimeter-wave (mmWave) com-
munications, and non-orthogonal multiple access
(NOMA). Power domain NOMA [2-4] will be a
promising technology for 5G and beyond, due to

its high spectrum efficiency, low latency, and the
support of massive connectivity. The main idea of
NOMA is to multiplex multiple users in the power
domain on the same radio resource blocks by
superposition coding [5] and decode the desired
message from the superposed signal by succes-
sive interference cancellation (SIC) [5]. Both
single-cell NOMA [3] and multi-cell NOMA [4]
were studied to clarify the performance gain of
NOMA. In addition, the combination of NOMA
with other promising technologies were studied,
such as MIMO-NOMA for mmWave communica-
tions [6]. Power domain NOMA has already been
adopted by some practical systems. For example,
the Third Generation Partnership Project (3GPP)
LTE-Advanced Pro networks employed multi-us-
er superposition transmission (MUST) [3] (i.e.,
NOMA) to enhance downlink transmission, and
the Advanced Television Standards Committee
(ATSC) developed the layer-division multiplexing
(LDM) scheme [7] as a variation of NOMA to the
next-generation digital television system, ATSC3.0.
On the other hand, broadcasting/multicasting
[8] over cellular networks (i.e., cellular mobile broad-
casting) will be an important spectrum-efficient tech-
nology for multimedia communications in 5G and
beyond. This technology adopts the point-to-multi-
point (PTM) transmission mechanism to distribute
the media content to all interested users on the same
channel. Currently, cellular mobile broadcasting can
use either a multimedia broadcast/muilticast service
single-frequency network (MBSFN) transmission
(i.e., multi-cell PTM) [9] or single-cell PTM (SC-PTM)
transmission [10] to transmit multimedia broadcast/
multicast services (MBMS). With the ever increas-
ing demands for multimedia communications, for
example, 4/8K ultra-high definition (UHD) videos,
hybrid mobile and fixed TV services, and emerging
broadcast applications such as broadcast-like [10]
and group-oriented machine-type services [11], the
research on highly spectrum-efficient 5G cellular
mobile broadcasting has already attracted increasing
attention. The Next Generation Mobile Networks
(NGMN) alliance presented the following require-
ments: 200 Mb/s downlink user experienced data
rate and < 200 ms end-to-end latency [9]. The chal-
lenges and key technologies for 5G cellular mobile
broadcasting were also discussed in [9, 11].
Recently, some efforts have been devoted to
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studying the application of power domain NOMA
to cellular mobile broadcasting in order to further
improve the spectrum efficiency. Minimum trans-
mit power multicast beamforming with superposi-
tion coding [12] was studied for NOMA systems.
The superposition transmission of multicast and
unicast streams [13] by power domain NOMA was
studied. The system modeling and performance
analysis of power domain NOMA-based MBMS
transmission was also provided in [14]. In this arti-
cle, we systematically present the power domain
non-orthogonal 5G cellular mobile broadcasting
in terms of fundamental principle, transmission
schemes, system design, physical layer processing,
key elements, and performance evaluation. First,
we present two schemes for non-orthogonal cel-
lular mobile broadcasting: multi-rate superposition
transmission (MRST) and multi-service superposi-
tion transmission (MSST). The former explores the
difference in channel conditions among users to
increase the data transmission rate and improve
strong users’ quality of service (QoS), while the
latter utilizes this channel difference to deliver mul-
tiple services to different user groups on the same
channel simultaneously. Then we discuss the infor-
mation-theoretical perspectives of the presented
schemes. Next, we provide system designs for net-
work architecture and physical layer processing
together with key elements. Software defined net-
working (SDN) and network functions virtualization
(NFV) together with cloud/edge/fog computing
[15] and caching technologies are introduced to
the design of virtualized network architecture. A
general framework for superposition coded mod-
ulation (SCM) [5] is presented to integrate three
superposition transmission schemes developed by
3GPP and reduce the complexity of implementa-
tion, and then the bit error rate (BER) performance
enhancement by using constellation rotation is
investigated. A joint iterative SCM demodulation
and channel decoding receiver scheme is also stud-
ied. Furthermore, we evaluate the signal-to-interfer-
ence-plus-noise ratio (SINR) coverage performance
of the presented schemes. Finally, we identify the
main challenges and future research directions,
followed by the conclusions.

SCHEMES FOR NON-ORTHOGONAL
CELLULAR MOBILE BROADCASTING

Two schemes for non-orthogonal cellular mobile
broadcasting are studied: MRST and MSST. For
N-layer power domain non-orthogonal transmis-
sion, the power P, with power ratio ap, is allo-
cated to the nth layer, and then all layers are
superposed to form a signal by superposition cod-
ing, while each layer can be decoded from the
superposed signal by SIC. Without loss of gen-
erality, two-layer non-orthogonal transmission is
considered, where the two layers are called the
primary layer and the secondary layer, respective-
ly. The primary layer refers to the first layer of
two-layer non-orthogonal transmission, while the
secondary layer refers to the second layer.

MuLTI-RATE SUPERPOSITION TRANSMISSION

Multi-rate multicasting [9] delivers multimedia
contents with different data rates, such that users
can decode the corresponding content accord-
ing to their channel conditions. This can utilize

the difference in channel conditions among users
to improve strong users’ QoS, as well as guaran-
tee the QoS of weak users. With power domain
non-orthogonal transmission, MRST can be
achieved by splitting the power domain to multi-
plex multiple data streams with different data rates
on the same channel. The multi-rate superposition
transmission for scalable and non-scalable multi-
media are presented as follows.

Scalable Multimedia Transmission: Scalable
multimedia’ is coded into one basic data layer
and one or more enhanced data layers through
source layered coding.2 Then these data are pro-
cessed by channel coding and modulation, and
form a superposed signal by allocating different
power levels. Since the basic data achieve the
basic service quality, it is carried by the primary
layer with high priority and more power, while the
enhanced data are carried by the secondary layer
with the rest of the power. When users receive
this superposed signal, they directly decode the
primary layer to obtain the basic data, and then
try to decode the secondary layer through suc-
cessive interference cancellation (SIC). Therefore,
weak users can only decode the primary layer to
obtain the basic service quality, while strong users
can decode both the primary and secondary lay-
ers to obtain better services.

Non-Scalable Multimedia Transmission: The
non-scalable multimedia data is first coded and
modulated with low data rate as the primary
layer. The same multimedia data is also encod-
ed and modulated with high data rate as the
secondary one. Then these two modulated sym-
bols are superposed with different power levels.
After receiving this superposed signal, weak users
decode the primary layer to obtain the low-rate
data stream, while strong users decode the sec-
ondary layer to obtain the high-rate data stream
to achieve better service quality.

MULTI-SERVICE SUPERPOSITION TRANSMISSION

Multi-service superposition transmission provides
different services for different users or user groups
on the same radio resources, by multiplexing
these services in the power domain. For example,
one mobile HDTV service to handheld devices
and one 4k-UHDTV service to fixed TV reception
terminals are carried on the same channel [7].
More specifically, take two-service superposition
transmission for an example: the primary layer
carries the high-priority service with more power,
while the remaining power is allocated to the
secondary layer to carry the low-priority service.
After receiving the superposed signal, high-priority
users directly decode the primary layer to obtain
the high-priority service, while low-priority users
decode the secondary layer through SIC to recov-
er the low-priority service.

In cellular networks, both unicast and broad-
cast/multicast services can be supported. There-
fore, MSST can fall into three categories: unicast
and unicast, unicast and broadcast/multicast, and
broadcast/multicast and broadcast/multicast super-
position.

Unicast and Unicast Superposition Trans-
mission: It co-schedules multiple users on the
same radio resources without spatial separa-
tion, for example, MUST [3]. In general, it is
recommended that one strong user and one

Multi-service super-
position transmission
provides different ser-
vices for different users
or user groups on the
same radio resources,
by multiplexing these
services in the power
domain. For example,
one mobile HDTV ser-
vice to handheld devic-
es and one 4k-UHDTV
service to fixed TV
reception terminals are
carried on the same
channel.

1 Scalable multimediarefersto
multimedia that can be repre-
sentedinmultiplelayerswith dif-
ferent quality and frame rates.

2 Source layered coding is a
technique used to divide media
into multiple data layers with
different quality and frame
rates.
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Non-orthogonal trans-
mission eliminates the
orthogonality of con-
ventional transmission
schemes adopted by
2/3/4G networks in
order to achieve high
spectrum efficiency,
although this orthogo-
nality can alleviate the
aggregate interference
at users by allocating
distinct radio resources
in certain resource
domains to multiple
users.

weak user should be selected as a user pair. For
this category, optimal user pairing and power
allocation are the key to improving network
capacity. With larger channel gain differenc-
es between the users, higher network capacity
gain can be obtained.

Unicast and Broadcast/Multicast Superposi-
tion Transmission: In current cellular networks,
broadcast/multicast services are delivered by shar-
ing radio resources with unicast services based on
time-division multiplexing (TDM), which limits the
maximum broadcast throughput. Through super-
position transmission, unicast and broadcast/mul-
ticast services can be superposed in the power
domain [13], which enables broadcast/multi-
cast services to occupy all of the time-frequency
resources together with unicast services. This can
improve the throughput of cellular mobile broad-
casting in a shared network.

Broadcast/Multicast and Broadcast/Multi-
cast Superposition Transmission: It multiplexes
multiple broadcast/multicast services on the same
radio resources by allocating different power
levels, which can increase the system through-
put and provide mixed services for different user
groups simultaneously, for example, mobile users
and fixed TV reception terminals.

INFORMATION-THEORETICAL PERSPECTIVE ON
NON-ORTHOGONAL CELLULAR MOBILE
BROADCASTING

Non-orthogonal transmission eliminates the
orthogonality of conventional transmission
schemes adopted by 2/3/4G networks in order
to achieve high spectrum efficiency, although this
orthogonality can alleviate the aggregate interfer-
ence at users by allocating distinct radio resources
in certain resource domains to multiple users. In
this section, we discuss the information-theoretical
perspective on non-orthogonal cellular mobile
broadcasting and also give a brief discussion from
the viewpoint of degree of freedom [6].3 The
two-layer non-orthogonal transmission employs
power split Py + P, = P, where P; € (0, P) is the
power allocated to the signal of the ith layer and
P is the average power constraint of the transmit
signal. The power ratio can be expressed as op =
P1/P. ; (i = 1,2) is the normalized broadcast rate
for the ith layer by the bandwidth W, which relies
on the specific broadcast schemes. It is assumed
that if a user’s channel capacity is no smaller than
the fixed broadcast rate, the user can decode the
broadcast data successfully.

MuLTI-RATE SUPERPOSITION TRANSMISSION

For a multi-rate broadcast area consisting of N
BSs, M users who are interested in the broadcast
service can be categorized into a weak user set
with My € (0, M) users and a strong user set with
M, = M - My users. Note that users in the strong
user set can decode the primary and secondary
layers to obtain both the basic and enhanced
data, while users in the weak user set can only
decode the primary layer to obtain the basic data.
We first study the data rate for individual users
in the broadcast area. Without loss of generality,
one arbitrary user (i.e., user m1) from the weak
user set and one arbitrary user (i.e., user m2)
from the strong user set are discussed. The corre-

sponding channel gains of users m1 and m2 are
hm1 and hp,p, and satisfy [hy112 < [hpa| 2. As a
result, the data rate for users m1 and m2 are R,
= T1H(E1m1/1) and R, = ‘C1]I(E1nz,1) + 1) I(E%q2,1 &&
Elna.2), respectively, where

1 [il” B .

mil = B) =
il P2+ No

in the event that user m/s channel capacity

decoding the message x4 is no smaller than the

fixed broadcast rate 1,

2
h P
Er1n2,2= C —’ mlz\lo NS

in the event that user m2’s channel capacity
decoding the message x; after SIC is no smaller
than the fixed broadcast rate t,, C(x) 2 log,(1 +
x) for the channel capacity, I(.) for the indicator
function, and Ny for the power spectral densi-
ty (PSD) of white Gaussian noise. Therefore, the
average broadcast throughput per BS can be
expressed as

Ml MZ
R=| Y R+ D, Ry [N

ml=1 m2=1 1)
For single-rate broadcasting with fixed data rate

1, the average broadcast throughput per BS is

M
R= ErlH(E,%,) N7,
m=1

where the event

2
E:={C V" P =T,

No
means that user m’s channel capacity decoding
message xq is no smaller than t;. Obviously, for
single-rate broadcasting, the strong users cannot
fully utilize the degree of freedom, as media con-
tents are distributed with low data rate in order to
ensure that interested users within the broadcast
coverage can decode them successfully. Howev-
er,the MRST scheme can enable strong users to
overcome this shortage to obtain better QoS, at
the cost of some SINR loss and the increase of
processing complexity.

MULTI-SERVICE SUPERPOSITION TRANSMISSION

For a multi-service broadcast area with N BSs,
there are M users in the broadcast service,
where M; € (0, M) high-priority users are
served by the high-priority service, and M, =
M - M low-priority users are served by the
low-priority service. t4 is the fixed broadcast
rate for the high-priority service, while 7, is for
the low-priority service. For MSST, high-priori-
ty users directly decode the desired service by
regarding low-priority service as noise, while
low-priority users decode their corresponding
service from the superposed signal through
SIC. Therefore, the average broadcast through-
put per BS of multi-service broadcast can be
expressed as in Eq. 1, where R,y = TI(E}q 1)
and Ry = TI(E} 1 && El o) are the data rates
for user m1 in the high-priority service area and
user m2 in the low-priority service area, respec-

9
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FIGURE 1. Network architecture for non-orthogonal cellular mobile broadcasting.

tively. For orthogonal cell mobile broadcasting,
two services are transmitted by allocating two
orthogonal radio resources with degree-of-free-
dom split p € (0, 1). Therefore, the average
broadcast throughput per BS can expressed as
in Eq. 1, where the data rate for user m1 is Ry
= 1,I(E2,1) with the event

> P
BNo

while the data rate for the user m2 is R, =
T,I(E2 ) with the event

Epy=1BC

=

|| Py

E}, =1(1-p)C
m2 ( 6) (l_ﬁ)NO

=Ty (.

Regarding the degree of freedom, MSST can
obtain full degrees of freedom at the cost of some
SINR loss of high-priority users and increased pro-
cessing complexity of low-priority users, while the
orthogonal one suffers a certain loss of degree of
freedom.

SYSTEM DESIGN FOR NON-QRTHOGONAL
CELLULAR MOBILE BROADCASTING

This section discusses overall system design for
non-orthogonal cellular mobile broadcasting sys-
tems including network architecture and physical
layer processing. The innovative network archi-
tecture based on SDN/NFV and cloud/edge/fog
computing together with enhanced physical layer
processing based on non-orthogonal transmission
is presented to satisfy the challenging require-
ments for multimedia communications in 5G and
beyond. The presented system design for non-or-
thogonal cellular mobile broadcasting can also be
backward compatible with the orthogonal one by
allocating all power to the primary layer.

NETWORK ARCHITECTURE
SDN and NFV [15] are the two most important
technologies to design the flexible, efficient, and
scalable next-generation network architecture,
where the key idea of SDN is to separate the
control and user planes of networks, while NFV

virtualizes the functions of network nodes into
building blocks and provides the logical network
slices such as broadcast/multicast or unicast.
Based on SDN and NFV, 3GPP TS 23.501 pre-
sented an innovative system architecture for 5G
systems with unicast transmission, in which the
control plane consists of core access and mobil-
ity management function (AMF), session man-
agement function (SMF), and so on, while user
plane function (UPF) is for user data forward-
ing. Figure 1 illustrates the network architecture
for non-orthogonal cellular mobile broadcast-
ing, which can enable multimedia contents to
be transmitted by unicast or broadcast/multi-
cast. The MBMS-control plane function (MBMS-
CPF) entity hosts the control functions of the
conventional broadcast/multicast service cen-
ter (BMSC), the MBMS-gateway (MBMS-GW),
and provides MBMS user service provisioning
and session management. The MBMS-user plane
function (MBMS-UPF) entity, which consists of
the data forwarding functions of the convention-
al BMSC and MBMS-GW, achieves the delivery
of MBMS packets to each BS. The multi-cell
coordination entity (MCE) provides not only the
synchronization among the cells in the MBSFN
area, but also radio resource management and
radio configuration. Radio access networks
(RANs) with heterogeneous and ultra-dense
properties achieve radio transmission to users,
which shall be deployed in the form of mixed
cloud and fog RANs. Cloud RANs (C-RANs)
utilize centralized cloud computing [15] to effi-
ciently provide such applications as regional and
national broadcast, while fog RANs benefitting
from the distributed network deployment uti-
lize edge and fog computing [15] residing at the
network edge to efficiently achieve such applica-
tions as local broadcast. Furthermore, cloud-fog
computing coordination intelligently distributes
user computing tasks to cloud or fog computing
units, based on the decision results of intelligent
algorithms that consider factors including com-
puting task attributions and computing resource
status comprehensively. Finally, local caches are
deployed at the network edge, and then the
popular contents are prefetched and put in these

IEEE Wireless Communications « April 2018

93



SDN and NFV are the
WO most important
technologies to design
the flexible, efficient,
and scalable next-gen-
eration network archi-
tecture, where the

key idea of SDN is to
separate the control
and user planes of
networks, while NFV
virtualizes the functions
of network nodes into
building blocks and
provides the logical
network slices such as
broadcast/multicast or
unicast.

Modulation
schemes/
d power Antenna Resource
MAC Code rates ratio assignment assignment
L ! i i
"""""""""""""""""""""" |:I|
N v | |
Q w | |
= (@) = Q | |
QO o & -
>33 828l LIEF 5 ¥ ¥
30 5= NS =
(9] o @ = 5
> - oa =3 w
T = = - & o9 =5
| 5 x @ 3 T o
PHY | =] 3 8 > o=
I = S Ex 3 =g >
= = S, =
N % o‘% Ga = =55
o w
g g & : 8 -
o0 o —
= » O > o »
N EE S S5 2
[e°] oa ™ > =
=l - & S

FIGURE 2. Basic physical layer processing of two-layer non-orthogonal cellular mobile broadcasting.

local caches according to the popularity distribu-
tions and user preferences.

PHYSICAL LAYER PROCESSING

Based on the physical layer processing specified
in 3GPP TS 38.201, we present the physical layer
processing of two-layer non-orthogonal cellular
mobile broadcasting illustrated in Fig. 2. The data
blocks from the medium access control (MAC)
layer are processed by the steps of cyclic redun-
dancy check (CRC) attachment, channel coding,
rate matching, scrambling, superposition coded
modulation, layer mapping, precoding, resource
element mapping, and orthogonal frequency-di-
vision multiplexing (OFDM) signal generation
sequentially, and then are transmitted over the
radio links. At the receiver side, the data streams
can be recovered after the inverse processing.
The functions of corresponding processing steps
are as follows.

CRC Attachment: Provide error check for
each data block by attaching a parity sequence.

Channel Coding: Achieve reliable data com-
munications through forward error correction
(FEC) codes such as low-density parity check
(LDPC) code. LDPC encodes the K information
bits based on a sparse parity matrix Hgyy to
obtain the N coded bits, which leads to superior
performance approaching the Shannon capacity
limit. Further, the concatenation of two FEC codes
such as Bose-Chaudhuri-Hocquenghem (BCH) as
outer code and LDPC as inner code can further
improve the FEC performance.

Rate matching: Interleave the coded bits in
each code block and adjust its size to match the
number of bits contained in the allocated radio
resources through bit selection and pruning. After
interleaving, the bit order is disrupted at the trans-
mitter, while burst errors can be distributed after
de-interleaving at the receiver. Therefore, the abil-
ity of FEC codes to correct burst errors can be
significantly improved.

Scrambling: Scramble the bits of each code-
word by using broadcast-service-area-specific
scrambling sequence to randomize the interfer-
ence.

Superposition Coded Modulation: Transform
codewords to complex-valued modulation sym-
bols suitable for channel transmission, and com-
bine these modulation symbols with adaptive

power ratio to form a superposed symbol. In gen-
eral, the SCM composite constellation, which is
generated by the superposition of multiple com-
ponent constellations with different power levels,
is non-uniform.

Layer Mapping: Achieve the complex-valued
symbol mapping onto the given transmission lay-
ers.

Precoding: Precode the complex-valued sym-
bols on each layer for transmission on the anten-
na ports.

Resource Element Mapping: Map the precod-
ed complex-valued symbols for each antenna port
to resource elements.

OFDM Signal Generation: Use inverse fast
Fourier transform (IFFT) to generate complex-val-
ued time-domain OFDM signal for each antenna
port.

POINT-TO-MULTIPOINT TRANSMISSION MoDE

Single-Cell Point-to-Multipoint (SC-PTM): It
enables a single cell to serve a group of users
within its coverage by PTM transmission, which
can efficiently provide services for localized
demands. SC-PTM can be used for critical com-
munications such as public safety [10] and other
commercial use cases, for example, mobile adver-
tising. In such use cases, users are located within
a local geographical area and have a common
interest in the service/content. In addition, the
broadcast area is dynamic and may be a single
cell.

Multi-Cell Point-to-Multipoint (MC-PTM):
Unlike use cases for SC-PTM, in certain use cases
such as TV services, users are distributed in a
large pre-planned and rather static area. MC-PTM
transmission is more efficient to support these use
cases, by enabling all cells in the broadcast area
to deliver the same media content to all interest-
ed users on the same channel synchronously [9].
With synchronous transmission, users, especially
at the cell edge, can receive and combine mul-
tiple signals from multiple cells to improve the
quality of signals rather than contribute to the
aggregate interference. In addition, users on the
edge of the broadcast area also receive inter-cell
interference from BSs belonging to other broad-
cast areas. To reduce the processing complexity
of users, inter-cell interference is simply treated
as noise.
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KEY ELEMENTS FOR NON-ORTHOGONAL CELLULAR
MOBILE BROADCASTING
SUPERPOSITION CODED MODULATION

Superposition coded modulation is used to
achieve non-orthogonal transmission in the power
domain, by mapping the coded bits in multiple
codewords to the complex-valued symbols that
are superposed with adaptive power ratio. To
achieve adaptive power ratio, the scheduler in
the MAC layer chooses power ratio according
to channel state information (CSl) reported by
users in each scheduling interval. 3GPP studied
three SCM schemes [3], including SCM Category
1 with non-Gray-mapped composite constellation
and adaptive power ratio on component constel-
lations, SCM Category 2 with Gray-mapped com-
posite constellation and adaptive power ratio on
component constellations, and SCM Category 3
with label-bit assignment on Gray-mapped com-
posite constellation. Note that SCM Category 3
can be considered as a special case of SCM Cat-
egory 2. To guarantee the Gray property, SCM
Category 2 needs more complicated construction
rules than SCM Category 1, which just performs
direct superposition. However, due to the loss of
the Gray property, SCM Category 1 has higher
BER than SCM Category 2.

Figure 3 illustrates a general framework for SCM
to integrate SCM Categories 1, 2, and 3 developed
by 3GPP, which consists of shuffling, modulation,
rotation, power allocation, and combining mod-
ules. In this framework, constellation rotation is
used to improve the modulation performance. The
basic process of SCM is: the coded bits of code-
word C; are mapped to complex-valued symbol,
Sy =11 + jQq, while the coded bits of the codeword
C, are mapped to complex-valued symbol, S, =
ed(l, + jQ,), after shuffling, modulation and con-
stellation rotation, where 6 is the rotation angle and
6 = 0 means no rotation. Note that the modulation
module employs the 3GPP standard modulation
schemes. Finally, these two complex-valued sym-
bols are superposed with adaptive power ratio to
form a superposed symbol S. Therefore, the output
complex-valued symbol of SCM can be expressed

as
S:(\/@(Il+J'Q1)+\[1—0tp€je(12+jQ2))’

where 0 < o, < 1 is the power ratio. Shuffling
the coded bits of codeword C, is to guaran-
tee SCM the composite constellation’s Gray
property, and its specific rules depend on
the coded bits of codeword C; and specific
composite constellations. Note that there is
no shuffling for SCM Category 1 due to its
non-Gray mapping. Note that for the number
of codewords N > 2, N-layer non-orthogonal
transmission can be used. Based on specific
design rules, optimization problems can be for-
mulated and solved to obtain optimal power
ratios and rotation angles.

SCM suffers a certain loss of BER perfor-
mance due to power split and inter-layer inter-
ference caused by superposition operation. As
shown in Fig. 3b, with power ratio, Up, the min-
imum Euclidean distances for quadrature phase
shift keying (QPSK) constellations of code-
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FIGURE 3. Superposition coded modulation: a) general SCM modulation

framework; b) QPSK/QPSK example.

words Ci_and C, are dipmin=4/2(1-0,) and
dy min =+/20.,,, respectively, which are smaller
than standarJ’QPSK constellation with dpin =\/—2€
After constellation rotation and superposition, the
minimum Euclidean distance of the composite con-
stellation reduces to

doi =\/2(1—2),/(xp(1—(xp)cose,

which means that inter-layer interference further
deteriorates the BER performance of codewords
C1. When 0 = 0, there is no rotation. Obviously,
the minimum Euclidean distance of superposition
transmission with constellation rotation is larger
than the one without rotation. Therefore, constel-
lation rotation can improve the performance of
superposition transmission.

JOINT ITERATIVE SCM DEMODULATION AND

CHANNEL DECODING

SIC is employed to decode the desired data
from the superposed signal, which follows the
processing: weak users decode their own data
directly by treating the signal of strong users as
noise, while strong users decode the desired data
through SIC. Generally, SCM demodulation and
channel decoding are performed independent-
ly, which cannot achieve the optimal receiving
performance. Figure 4 illustrates a joint iterative
demodulation and channel decoding receiver
scheme for non-orthogonal transmission, which
consists of SCM demodulation, de-interleaving,
channel decoding, interleaving, and constellation
probability calculating modules. The joint itera-
tive SCM demodulation and channel decoding
scheme follows these steps:

* The received symbols together with a prio-
ri probability information from the outer loop
are input to the SCM demodulation module to
generate log-likelihood ratios (LLRs).

* These LLRs are deinterleaved, and then the
deinterleaved LLRs are input to the channel
decoding module.
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FIGURE 4. Joint iterative demodulation and decoding scheme for superposition transmission.

+ The output LLRs after channel decoding are
interleaved, and then the interleaved LLRs
together with the demodulated LLRs are used
to generate extrinsic LLRs.

+ The extrinsic LLRs are input to the constellation
probability calculating module to generate a
priori probability information.

+ Finally, the a priori probability information is fed
back to the SCM demodulation module. This
iterative processing will continue until a certain
stop condition is met. During the iterative pro-
cessing, the EXIT chart tool can be used to help
the analysis of the extrinsic information and the
optimal algorithm design.

USER ASSOCIATION

The user association procedure [14] is used to asso-
ciate a user with a specific cell before data trans-
mission, which consists of cell selection/reselection
and random access. A user first performs cell selec-
tion/reselection to select the most suitable cell for
camping. The user first measures reference signal
receiving power (RSRP) and then selects the most
suitable cell according to a certain criterion, such as
maximum average receiving power. Furthermore,
the user performs a random access procedure to
establish radio resource control (RRC) connection
with its serving BS through the following four steps:
+ Random access preamble. The user randomly
selects a random access preamble (RAP) from
a RAP pool (e.g., 64 preambles for LTE net-
works) and then transmits it to the selected BS
(i.e., Msgl).

+ Random access response. When detecting a
RAP, the BS replies with a random access
response (i.e., Msg2) carrying RAP identifier,
initial uplink grant, and temporary cell-radio
network temporary identifier (C-RNTI).

+ Scheduled transmission. When the user receives
a successful response, it performs the first
scheduled uplink transmission (i.e., Msg3),
which conveys user identity, RRC Connection
Request, and so on.

+ Contention resolution. The BS responds with
Msg4 conveying user identity, RRC Connection
Setup, and so on. After receiving Msg4, the
user compares user identities included in Msg3
and Msg4. If they are matched, the contention
resolution is considered to be successful, and
the temporary C-RNTI is promoted to C-RNTI.

MuLTi-USER GROUP SCHEDULING AND POWER ALLOCATION

Multi-user group scheduling and power allocation
are two important functions of the MAC layer in
non-orthogonal cellular mobile broadcasting sys-
tems, as it hosts radio resource allocation among
active user groups in order to satisfy their QoS
requirements. For SC-PTM, BSs perform multi-user
group scheduling and power allocation, while it is
done in MCE for MC-PTM.

Multi-Rate Superposition Transmission: The
scheduler in the MAC layer performs the follow-
ing steps to achieve multi-user group scheduling
and power allocation.

Transmission Power Allocation: The schedul-
er first performs power allocation and estimates
instantaneous throughput of each user group,
according to CSls reported by all users in each
user group. There are several available power
allocation schemes, such as full search power allo-
cation (FSPA), fractional transmit power alloca-
tion (FTPA), or fixed power allocation (FPA). Note
that if no CSls are available, the predefined power
ratios are configured.

Multi-User Group Scheduling: The schedul-
er calculates the scheduling metric based on the
estimated instantaneous throughput and selects
one user group from the candidate user groups
according to a certain scheduling algorithm, such
as round-robin (RR), maximum throughput (MT),
proportional fairness (PF), or max-min fairness.

Multi-Service Superposition Transmission:

+ User group pairing: For multi-service superposi-
tion transmission, user group pairing is needed
as media contents of multiple user groups are
transmitted superposedly on the same channel.
The scheduler chooses multiple user groups to
form a user group pair, and obtains all candi-
date user group pairs according to a certain
algorithm, such as exhaustive search or a CSI-
based one.

+ Transmission power allocation: The scheduler
obtains the channel gain of each user group in
candidate user group pairs, according to CSls
reported by all users in each user group. Then
the scheduler performs power allocation for
each user group pair to obtain optimal power
ratio, and estimates the instantaneous through-
put. Note that the predefined power ratios can
be configured, if no CSlI is obtained.
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FIGURE 5. BER performance of superposition transmission with constellation rotation under AWGN channel: a) power ratio 0.6; b)

power ratio 0.8.

* Multi-user group scheduling: The scheduler cal-
culates the scheduling metric based on the esti-
mated instantaneous throughput of each user
group pair, and then selects one user group
pair from candidate user group pairs according
to certain scheduling algorithms.

PERFORMANCE EVALUATION

In this section, we evaluate the BER performance of
non-orthogonal transmission with constellation rota-
tion and the downlink SINR coverage performance
of non-orthogonal cellular mobile broadcasting in a
large-scale two-tier single-frequency heterogeneous
network (HetNet). The important parameters relat-
ed to the downlink HetNet model are: the base
densities of macro BSs and small cells are g, =1/
(n10002) and Ag, = 1/(n2002), respectively, P, = 43
dBm and P;, =30 dBm for the corresponding trans-
mit powers of macro BSs and small cells, 10 MHz
for the system bandwidth, and 2 GHz for the carrier
frequency. The power-law path loss propagation
model with path loss exponent a is used to model
signal attenuation with distance.

Figure 5 shows the BER performance of QPSK/
QPSK superposition transmission with different
constellation rotation angles and power ratios
under the additive white Gaussian noise (AWGN)
channel. We can observe that constellation rota-
tion can obviously improve the BER performance
of superposition transmission, because constella-
tion rotation increases the minimum Euclidean dis-
tance of the composite constellation. However,
the BER performance improvement declines with
the increase of power ratio. We can also observe
that the optimal degree of rotation angle is varied
with the power ratio for superposition transmis-
sion, and reduces with the increase of power ratio.
Besides, it can be observed that the BER perfor-
mance of superposition transmission with power
ratio a, = 0.8 is better than the one with power
ratio a, = 0.6. This is because with the increase of
power ratio, the demodulation performance of the
primary layer can be improved, which can reduce
the negative effect of SIC error propagation on
demodulating the secondary layer.

Figure 6 plots the SINR coverage probabilities of
two-layer non-orthogonal cellular mobile broadcast-
ing with SC-PTM and MC-PTM modes in a large-
scale two-tier single-frequency HetNet. Note that
the analytical results are from [14], and the results
of MC-PTM mode are obtained approximately,
which results in certain gaps between the analytical
results and simulations.. The results show that for
SC-PTM mode, multi-rate superposition transmission
can provide one similar SINR coverage layer as the
orthogonal one to transmit the basic data, as well as
provide another coverage layer for enhanced data
transmission to improve the QoS of strong users.
With more power is allocated to the primary layer,
its SINR coverage gradually approaches the orthog-
onal one, while the SINR coverage of the secondary
layer decreases gradually. When all power is allocat-
ed to the primary layer, non-orthogonal transmission
degrades to the orthogonal one. For multi-service
superposition transmission, the services for high- and
low-priority users (e.g., outdoor mobile users and
indoor fixed TV users with rooftop antennas) are
multiplexed in the power domain. Different path loss
exponents are used to characterize different recep-
tion scenarios. The results also show that multi-ser-
vice superposition transmission can provide similar
SINR coverage for high-priority users as the orthog-
onal one, as well as a coverage layer for low-priority
users simultaneously. However, the SINR coverage
of the secondary layer with a = 2.5 is lower than
that of a = 3, 4, as the users with smaller path loss
exponents will suffer strong inter-cell interference
in the SC-PTM mode. Finally, comparing MC-PTM
with SC-PTM, we can observe that both MRST and
MSST with MC-PTM mode can provide better SINR
coverage than with SC-PTM mode. Besides, unlike
SC-PTM mode, the SINR coverage of the secondary
layer with & = 2.5 is better than that of o = {3, 4}.
This is because MC-PTM mode enables all BSs in
the broadcast area to deliver the same content on
the same channel synchronously, such that users
can receive and combine multiple signals from adja-
cent BSs to improve the quality of signal, rather than
contribute to the aggregate interference.
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FIGURE 6. SINR coverage probabilities of non-orthogonal transmission-based cellular mobile broadcasting:
a) multi-rate superposition transmission under SC-PTM mode; b) multi-service superposition transmis-
sion under SC-PTM mode; c) multirate superposition transmission under MC-PTM mode; d) multi-ser-
vice superposition transmission under MC-PTM mode.

RESEARCH CHALLENGES

Due to superposition transmission, non-orthogo-
nal cellular mobile broadcasting shall encounter
the following research challenges.

Hybrid Non-Orthogonal and Orthogonal Trans-
mission: The performance of non-orthogonal trans-
mission mainly relies on the channel gain differences
between users. For a case in which users are distrib-
uted in certain local areas and have similar channel
conditions, orthogonal transmission will be a better
choice, considering the trade-off between perfor-
mance and processing complexity. Consequently,
it is important to study hybrid non-orthogonal and
orthogonal transmission schemes.

MIMO for Non-Orthogonal Cellular Mobile
Broadcasting Systems: MIMO technology [6] is
a key enabler to increase system capacity and
improve transmission robustness, as it can provide
array gain, diversity gain, and multiplexing gain.
The application of MIMO to NOMA systems was
studied for the unicast case [3, 7]. However, cellu-
lar mobile broadcasting systems serve all interest-
ed users on the same channel, and generally work
in unidirectional transmission without feedback.
Therefore, how to exploit the multiplexing gain of
MIMO systems to significantly improve the perfor-
mance of non-orthogonal cellular mobile broad-
casting is one great challenge.

Interference Management in Non-Orthogonal
Cellular Mobile Broadcasting Systems: Inter-cell
interference is one of the main issues in multi-cell
NOMA networks. The combination of inter-cell
interference management techniques and NOMA,
for example, NOMA-joint transmission (NOMA-
JT), NOMA-dynamic cell selection (NOMA-DCS),
NOMA-coordinated scheduling/beamforming
(NOMA-CS/CB), was studied for the unicast case
[4]. However, non-orthogonal cellular mobile
broadcasting systems transmit the media content
to interested users in the broadcast area on the
same radio resources, rather than a NOMA user
pair consisting of one strong user and one weak
user. This inherent distinction results in the fact that
the above-mentioned inter-cell interference man-
agement techniques for NOMA networks cannot
be directly used in the broadcast case. Therefore,
the study of inter-cell interference techniques with
reasonable complexity and good performance is
another great challenge for non-orthogonal cellular
mobile broadcasting systems.

CONCLUSIONS

In this article, the application of power domain
non-orthogonal transmission to cellular mobile
broadcasting is studied from transmission schemes
to system designs. Two schemes for non-orthogo-
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nal cellular mobile broadcasting are presented

and the system designs for network architecture

and physical layer processing together with key
elements are discussed. Some conclusions can be
drawn as follows:

+ Constellation rotation can dramatically improve
the BER performance of non-orthogonal trans-
mission. However, the rotation angle and perfor-
mance improvements are related to power ratio
and reduce with the increase of power ratio.

+ Non-orthogonal transmission can achieve supe-
rior performance to the orthogonal one by
improving degree of freedom rather than SINR.

+ Non-orthogonal cellular mobile broadcasting
with MC-PTM mode can achieve better cover-
age performance than the SC-PTM one.
Therefore, non-orthogonal cellular mobile

broadcasting will play an important role in future

multimedia wireless networks.
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