arXiv:1910.06529v1 [eess.SP] 15 Oct 2019

Grant-free Non-orthogonal Multiple Access for 1oT:
A Survey

Muhammad Basit Shahab, Rana Abbas, Mahyar Shirvanimoghaddam, and Sarah J. Johnson

Abstract—Massive machine-type communications (mMTC) is
one of the main three focus areas in the 5th generation (5G)
of mobile standards to enable connectivity of a massive number
of internet of things (IoT) devices with little or no human in-
tervention. In conventional human-type communications (HTC),
due to the limited number of available radio resources and
orthogonal/non-overlapping nature of existing resource allocation
techniques, users need to compete for connectivity through a
random access (RA) process, which may turn into a performance
bottleneck in mMTC. In this context, non-orthogonal multiple
access (NOMA) has emerged as a potential technology that
allows overlapping of multiple users over a radio resource,
thereby creating an opportunity to enable more autonomous
and grant-free communication, where devices can transmit data
whenever they need. The existing literature on NOMA schemes
majorly considers centralized scheduling based HTC, where
users are already connected, and various system parameters like
spreading sequences, interleaving patterns, power control, etc.,
are predefined. Contrary to HTC, mMTC traffic is different with
mostly uplink communication, small data size per device, diverse
quality of service, autonomous nature, and massive number of
devices. Hence, the signaling overhead and latency of central-
ized scheduling becomes a potential performance bottleneck. To
tackle this, grant-free access is needed, where mMTC devices
can autonomously transmit their data over randomly chosen
radio resources. This article, in contrast to existing surveys,
comprehensively discusses the recent advances in NOMA from
a grant-free connectivity perspective. Moreover, related practical
challenges and future directions are discussed.
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I. INTRODUCTION

HE Internet of Things (IoT) in recent years has emerged

as a revolutionary transformation, where almost every
physical device is expected to be connected to a communica-
tion network through a wired/wireless channel [ 1]-[3]. Emerg-
ing services such as remote monitoring and real-time multi-
device control (e.g., connected cars/homes, moving robots,
and sensors) represent some prominent examples of the IoT
framework. A high proportion of these services demonstrate a
common autonomous feature, where communication between
various devices and with the underlying network takes place
with little or no human intervention [4]].
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A. IoT Traffic Framework

International telecommunication union (ITU) and third gen-
eration partnership project (3GPP) have defined three network
usage scenarios by considering the variety of connected de-
vices and their diverse quality of service (QoS) requirements.
These include enhanced mobile broadband (eMBB), mas-
sive machine-type communications (mMTC) and ultra-reliable
low-latency communications (URLLC) [5]]. The eMBB use
case typically refers to the human-type communications (HTC)
or human-to-human (H2H) communications, where the num-
ber of devices is less, communication is majorly downlink
(DL), and the data size per device is large. On the contrary,
mMTC and URLLC use cases of the IoT framework exhibit
very different features from the HTC.

In massive IoT or mMTC (e.g., devices reporting to cloud,
smart buildings, logistics tracking, and smart agriculture),
some key traffic characteristics are: majorly uplink (UL),
transmit-data size per device is very small, extremely high
energy efficiency is required for long-life of devices, commu-
nication is partially or completely autonomous, devices have
diverse QoS requirements, etc [6], [7]. However, these massive
IoT use cases may have some degree of tolerance on data
reliability and latency constraints. On the contrary, in critical
IoT or URLLC (e.g., tele-surgery, intelligent transportation,
and industrial automation), highest priority is given to data
reliability and low latency communication [8[]-[10]]. For in-
stance, in critical medical applications, end-to-end latency for
robot aided and augmented reality assisted surgeries is targeted
to be less than 2ms and 750us respectively [9]]. Considering
these diverse requirements of the IoT devices, significant
upgradation in the existing communication technologies is
needed.

The major focus of this work is on the mMTC use case, re-
lated requirements, and possible supporting solutions. mMTC
is enabled through machine-type communications (MTC), also
known as machine-to-machine (M2M) communication, where
data transmission between various MTC devices (MTCDs)
and with the underlying network takes place with little or
no human intervention [11]-[13]]. According to Cisco visual
networking index and forecast, there will be around 28.5
billion connected devices by 2022, where the share of MTCDs
will be above 51 percent [14]]. Moreover, according to the
global network connectivity/access trends, Cisco predicts a
traffic contribution of wireless/mobile devices to be around
71 percent of total IP traffic by 2022. Similarly, Ericsson pre-
dicts that the number of devices connected to communication
networks will reach 28 billion by 2021, out of which more



TABLE I: List of abbreviations

3GPP Third generation partnership project

5G Fifth generation wireless systems
BOMA Building block sparse-constellation based orthogonal multiple access
BP Belief propagation

BS Base station

CDMA Code division multiple access

CoF Compute-and-forward

CoSaMP Compressive sampling matching pursuit
CP Cyclic prefix

CS Compressive sensing

CS-MUD Compressive sensing multi-user detection
DL Downlink

eMBB enhanced mobile broadband

eNB evolved NodeB

ESE Elementary signal estimator

FDS Frequency domain spreading

FEC Forward error correction

GA Grant acquisition

GOCA Group orthogonal coded access

HARQ Hybrid automatic repeat request

HTC Human-type communications

H2H Human-to-human

IDMA Interleave division multiple access
IGMA Interleave-grid multiple access

ToT Internet of things

JMPA Joint message passing algorithm

LCR Low complexity receiver

LCRS Low code rate spreading

LDS Low density spreading

LDS-CDMA | Low density spreading code division multiple access
LDS-OFDM | Low density spreading orthogonal frequency-division multiplexing
LDS-SVE Low density spreading signature vector extension
LPMA Lattice partition multiple access

LSSA Low code rate and signature based shared access
LTE Long term evolution

LTE-A Long term evolution Advanced

MA Multiple access

MAP Maximum a posteriori probability

MCS Modulation and coding scheme

MIMO Multi-input multi-output

ML Machine Learning

MPA Message passing algorithm

MTC Machine-type communications

mMTC Massive machine-type communications
MTCD Machine-type communications device
MUD Multi-user detection

MUSA Multi-user shared access

M2M Machine-to-machine

NCMA Non-orthogonal coded multiple access
NOCA Non-orthogonal coded access

NOMA Non-orthogonal multiple access

NR New radio

OMA Orthogonal multiple access

PDMA Pattern division multiple access
PD-NOMA Power domain non-orthogonal multiple access
PIC Parallel interference cancellation

PRACH Physical random access channel

QoS Quality of service

RA Random access

RACH Random access channel

RAN Radio access network

RAR Random access response

RB Resource block

RDMA Repetition division multiple access
RSMA Resource spread multiple access

SAMA Successive interference cancellation aided multiple access
SCMA Sparse code multiple access

SDMA Spatial division multiple access

SINR Signal-to-interference-plus-noise ratio
UE User equipment

UL Uplink

URLLC Ultra-reliable low-latency communication
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Fig. 1: Wireless technologies for IoT applications

than 53 percent will be MTCDs and consumer electronics
devices [15]. Considering these massive devices with diverse
QoS requirements, a dramatic shift from the current protocols,
mostly designed for HTC, will be needed.

B. Wireless Connectivity Options

Fig. |1| depicts the variety of wireless connectivity options
to support different use cases in the IoT framework. The
basic classification of these technologies for different IoT
use cases is carried out by taking network coverage and
performance criterion into consideration [8]. It is expected
that a large share of these devices will be facilitated by
short-range radio technologies, such as WiFi, Bluetooth, and
Zigbee, while a significant share will be enabled through wide
area networks (WANs) that are majorly facilitated by cellu-
lar networks. Connectivity through cellular networks will be
provided by the 3GPP technologies, including global system
for mobile communications (GSM), wideband code division
multiple access (WCDMA), long term evolution (LTE), LTE
advanced (LTE-A), and the upcoming 5G. These technologies
operate on the licensed spectrum and are primarily designed
for high quality mobile voice and data services. An evolution
of these technologies is being carried out for low-power IoT
applications, where the key challenges are low device cost,
long battery life, indoor connectivity and regional coverage,
scalability, and diversity.

3GPP has made significant improvements to meet the
requirements of emerging massive IoT applications, which
lead to a range of cellular low-power wide area solutions.
They include a) extended coverage GSM (EC-GSM), which is
achieved through new data and control channels mapped over
legacy GSM, b) narrow-band IoT (NB-IoT), which is a self-
contained carrier with a system bandwidth of 200 kHz and is
enabled on an existing LTE network, and ¢) LTE for MTC



TABLE II: Summary of existing surveys on NOMA in a chronological order (some prominent schemes covered, grant-free
access not discussed): v/ — covered in detail, @ —briefly introduced, X— not-covered,

Survey Uplink NOMA schemes Grant-free NOMA

PD-NOMA | RSMA | LSSA | SCMA | PDMA | LDS-SVE | MUSA | NOCA | NCMA | IDMA | IGMA | RDMA | Signature | CS | CoF | ML

Non-orthogonal multiple access for 5G: Solutions,

challenges, opportunities, and future directions, v X X v . X v X X X X X X X X X

Sep-2015 |16

A survey: Several technologies of non-orthogonal v X X v v X v X X X X X X X X X

transmission for 5G, Oct-2015 [17

Analysis of non-orthogonal multiple access for 5G, v X X v v X v X X X X X X X X X

2016 [18

Power-domain non-orthogonal multiple access

(NOMA) in 5G systems: Potentials and v X X X X X X X X X X X X X X X

challenges, Oct 2016 [19

Uplink multiple access schemes for 5G: A survey, v v v v v v v v v v v X X X X X

June-2017 |20

A survey on non-orthogonal multiple access for

5G networks: Research challenges and future v X X v v X X X X X X X X X X X

directions, Jul-2017 21

Modulation and multiple access for 5G networks, v X X v v X X X X X X X X X X X

Oct-2017 22

Nonorthogonal multiple access for 5G and beyond, v X X . . X X X X . X X X X X X

Dec-2017 [23

A survey and taxonomy on nonorthogonal

multipleaccess schemes for 5G networks, v X X . . X . X X X X X X X X X

Jan-2018 [24]

Embracing non-orthogonal multiple access in v X X X X X X X X X X X X X X X

future wireless networks, Mar-2018 |25

A survey of non-orthogonal multiple access for v v v v v X v v v v v v X X X X

5G, May-2018 [26

Uplink nonorthogonal multiple access v v v v v v v v v v v v . X X X

technologies toward 5G: A survey, June-2018 [27]

A survey of rate-optimal power domain

NOMA schemes for enabling technologies of v X X X X X X X X X X X X X X X

future wireless networks, Sep-2019 [28

(LTE-M), providing new power-saving functionalities to LTE.
Overall, some noticeable improvements by 3GPP to enable
massive loT are:

o Lower device cost by reducing peak data rate, memory
requirements, and device complexity.

o Improved battery life using power saving mode and
discontinuous reception.

o Better coverage (e.g., 15 dB and 20 dB in link budget
on LTE-M and NB-IoT, respectively), allowing deeper
indoor coverage.

While significant improvements focused on mMTC have been
made, some major challenges still need to be tackled such as
massive connectivity, which is explained next.

C. Massive Connectivity

The massive connectivity challenge to support mMTC can
be broadly split into two categories.

1) Orthogonal/non-orthogonal Multiple Access: One pri-
mary challenge to provide connectivity to these devices is the
limited number of available channel resources. The situation
is exacerbated by the fact that radio resource allocation in
existing multiple access (MA) techniques, orthogonal MA
(OMA), is non-overlapping in nature i.e., a radio resource
can be allocated to only a single device/user. Considering a
large number of devices and limited available radio resources,
such OMA based resource allocation becomes a performance

bottleneck. In this context, non-orthogonal MA (NOMA) has
been identified as a potential candidate technology to provide
massive connectivity. NOMA works on the non-orthogonality
principle, where multiple users can be overlapped over a single
radio resource block (RB) [16]-[30], thereby creating new
avenues for connectivity over limited radio resources.

In recent years, different NOMA techniques are proposed by
academia and industry. However, most of these techniques are
analyzed in literature from a HTC perspective, where a limited
number of users are considered to be already connected to
the base station (BS) or evolved NodeB (eNB), and capacity
maximization is the key target goal. Moreover, considering
centralized scheduling, the users and BS/eNB are assumed
to know almost everything about each other i.e., number of
users multiplexed over a RB, spreading sequences, power
control, modulation and coding scheme (MCS), channel state
information, etc. Furthermore, perfect system synchronization
is assumed. These assumptions may not be applicable to
mMTC scenarios, and need further investigation.

2) Grant-based/grant-free Transmission: Although NOMA
can solve the massive connectivity issue by loading multiple
users over a particular RB, another challenge is the way
each device accesses a channel resource. In existing wireless
networks, each device requests a data transmission slot via
a contention-based (e.g., ALOHA [31]], slotted-ALOHA [32],
etc.) random access (RA) process followed by a multi-step



handover process once granted a channel resource, which
(in LTE/LTE-A) has been identified as a major performance
bottleneck, and a source of excessive delay and signaling
overhead [33[]-[35]]. Considering mMTC traffic, a step-wise
shift towards grant-free/contention-based communication is
inevitable, where devices can transmit data as per their needs
without going through the RA / resource granting process, or
by merging RA and data transmission. In this context, grant-
free/contention-based transmission using NOMA is considered
as a promising solution.

D. Contributions and Organization

Table. provides a summary of how some prominent
NOMA schemes (discussed later in Sec. have been covered
in recent surveys. While the centralized scheduling or grant-
based NOMA schemes have been extensively covered through
various surveys [16]-[28]], detailed information from a grant-
free perspective for UL IoT communication is still lacking.
Different from these works, this article primarily focuses on
the grant-free access. In this context, the concept of grant-free
NOMA, survey of different grant-free schemes, practical chal-
lenges, and future directions are comprehensively discussed.

The major contributions of this article are highlighted as
follows, whereas the organization is shown in Fig. [2]

o Firstly, different from the existing surveys, this article
provides a comprehensive summary of the recent works
on NOMA from a grant-free perspective.

o Initially, the existing scheduling based channel access
methods and their related challenges are discussed in-
cluding the basic NOMA principle.

e The concept of grant-free access is then introduced,
followed by a comprehensive overview of the recent
research works on grant-free NOMA schemes designed
for mMTC.

« An information theoretic perspective of grant-free access
is then discussed.

« In the later part, challenges related to the use of NOMA
schemes for grant-free mMTC are highlighted.

« Finally, some possible future directions to deal with these
challenges, and to design novel NOMA based grant-free
schemes, are provided.

II. CURRENT CHANNEL ACCESS METHODS

3GPP has recently been working on the design of network
architecture, services, specific signaling reduction, and opti-
mization for mMTC. This is being done by considering a
variety of mMTC services which, besides posing very diverse
QoS requirements, may also need to handle a huge number
of devices, provide ultra-low energy consumption, low cost
solutions, and facilitate the coexistence of both mMTC and
HTC applications.

A. Channel Access Methods in LTE/LTE-A

In existing wireless networks, radio resources (e.g., time,
frequency) are allocated orthogonally to connected devices.
Therefore, in LTE/LTE-A, the entity requesting access to the
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Fig. 2: Organization of the Paper

cellular network has to first go through a coordination process
over the physical random access channel (PRACH) to get
aligned with the eNB. The process was originally intended
to be used for multiple purposes i.e., initial access of a
user not connected to the eNB, UL synchronization of users
already connected, UL data transmission or acknowledgment
of received data, handover management, etc [36]. The LTE
standard prescribes that PRACH access be performed using a
four-way handshake, which is contention-based (the users can
initiate the access process whenever they want).

Any device which is already aligned with the eNB can make
a grant acquisition (GA) request to transmit its data when it
needs. To enable PRACH access, devices are initially informed
about available PRACH resources through a broadcast from
eNB. This is followed by the four-step random access channel
(RACH) handshake procedure. The RACH of LTE/LTE-A [37]
is shown in Fig. [3] and the steps are summarized below.

1) Preamble Transmission: Every device randomly
chooses one out of 64 available preambles, and sends
it to the eNB, which estimates the transmission time of
each device from its detected preamble.

2) Random Access Response: For each detected preamble,
eNB sends a RA response (RAR) message with infor-
mation about the radio resource allocated to the device
and timing advance information for synchronization. If a
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device does not receive RAR within a predefined waiting
time (RAR waiting window size) or gets a RAR with
no information about its request, it postpones the access
attempt to the next RACH opportunity.

3) Radio Resource Control Connection Request: Each
device that gets a successful RAR from the eNB makes
a radio resource control (RRC) connection request by
sending its temporary terminal identity to the eNB
through the Physical UL Shared Channel (PUSCH).

4) RRC Connection Setup: eNB sends information allo-
cating resources to all devices that have gained access
by specifying their terminal identity.

B. Related Performance Issues

The overall RA process (RACH and GA) comes with many
problems, especially latency. In Fig. [4] some sources of delay
in the LTE Release 8 are summarized, where GA means
scheduling request of a connected user to transmit data, RA
is the RACH plus GA for a user not connected/aligned with
eNB, TTI is the transmit time interval of a data packet, SP
is signal processing (e.g., encoding and decoding data), and
PT represents packet retransmissions in an access network
i.e., the UL hybrid automatic repeat request (HARQ) process
delay for each retransmission. Furthermore, there can be other
delays due to the core network such as queueing delay due
to congestion, propagation delay, packet retransmission delay
caused by upper layer, etc. It can be seen from Fig. [] that the
RA process causes a latency of around 9.5 ms, which is too
high for certain IoT use cases [35].

The RA process is feasible for a small number of devices.
However, if PRACH is congested due to a large number of
MTC and/or HTC devices attempting access simultaneously,
the signal-to-interference-plus-noise ratio (SINR) observed at
the receiver (i.e., eNB) may be reduced to the extent that mes-
sages cannot be detected, and consequently, many of the access
attempts fail; this is denoted as the outage condition [38].
Excessive preamble collisions and retransmissions result in

Time (ms)
(6]

GA RA Tl SP PR
Delay component

Fig. 4: Delay sources of a LTE system (Release 8)

problems like network congestion, unexpected delays, packet
loss, radio resource wastage and high energy consumption. Ex-
cessive overhead is another major issue as significant resources
are spent only to establish a connection for communicating
very small sized mMTC traffic data [39]. For instance, to
transmit 100 B of data, around 59 B of overhead in UL
and 136 B of overhead in DL would be required for signal
transmissions [40]]. In LTE-A, the collision rate of the RA
requests is around 10 percent and the signaling overhead is
about 30-50 percent of the payload size [41].

C. Proposed Access Method Modifications for mMTC Traffic

In the past several years, a number of techniques to improve
the performance of mMTC traffic by alleviating outage due
to congestion have been suggested. For instance, grouping
the traffic into different classes for which RA process may
be temporarily delayed or blocked, as done in access class
barring technique [42]. Differentiation among traffic classes
can be achieved by allowing different back-off windows for
different classes of users [43]. Similarly, predefined access
attempt slots can be allocated based on the user grouping
[44], or suitable polling scheme can be applied [[45]]. Moreover,
PRACH resources (such as preamble sequences and RA slots)
can be separated and dynamically allocated [46].

In addition to finding ways for reducing outage due to
congestion, optimizing the RACH procedure has also been
investigated in recent years by 3GPP radio access network
(RAN) working group 1 (WG1) for the new radio (NR). For
instance, it has been agreed that NR should support multiple
RACH preamble formats with shorter/longer preamble lengths.
Five different PRACH formats for the RA preamble param-
eters with different lengths are currently available in LTE
[47]. Details about preamble design, and corresponding RAR
improvements, for NR PRACH can be found in [48[]-[51].

Currently, there is only one RACH timeline applied to all
scenarios and use cases in LTE. However, as NR supports
various services and use cases with different latency require-
ments, one RACH timeline might not be efficient. Hence, the



need for RACH timeline design with variable lengths for a
variety of use cases is critical, and is addressed in [52f. In
addition to these, 2-step RACH procedure is also proposed
for consideration in 3GPP NR [53]]. The use cases for such a
RACH procedure are users with typically intermittent small
packet transmissions, access in unlicensed spectrum, cases
where UL timing advance is not needed, etc [54].

While improvements in grant-based access procedures are
ongoing, other solutions to reduce latency and signaling over-
head due to scheduling requests by a massive number of IoT
devices in the RA still need to be investigated. In order to
overcome the limited resource issue and related challenges,
grant-free NOMA based UL access for mMTC has been jointly
agreed by both academia and industry.

III. NON-ORTHOGONAL MULTIPLE ACCESS

To enable massive connectivity and to deal with the limita-
tions of existing MA schemes explained earlier, need for the
design of new wireless technologies is inevitable. In this con-
text, by breaking the orthogonality principle of conventional
OMA schemes where a particular channel resource is used by a
specific user, NOMA has emerged as a potential MA technique
for 5G and beyond. The core idea of NOMA is to multiplex
different data streams over the same radio resourse blocks and
employ multi-user detection (MUD) algorithms at the receiver
to recover users signals [16]—[30]], [55]-[57]. Hence, NOMA
provides massive connectivity and high spectral efficiency
compared to existing OMA schemes, such as time division
MA and orthogonal frequency-division MA [58], [59]. The
scheme has gained popularity and is recently used by the name
layered-division-multiplexing in ATSC 3.0, a forthcoming
digital TV standard [60]. Moreover, it is considered for 3GPP
LTE enhancements under the name multi-user superposition
transmission. [61].

Various NOMA schemes based on user-separation through
spreading, scrambling, interleaving, or multiple domains are
considered for 5G and beyond. The basic phenomenon behind
all these schemes is same; multiplexing users over same time-
frequency RBs by using some distinguishing parameter. In
this context, some prominent NOMA schemes, and their basic
working principles, are briefly summarized in Table. The
3GPP RAN WGI has also been studying some of these
NOMA candidate solutions for 3GPP NR [62], [63].

It has been agreed that NOMA schemes should be inves-
tigated for diverse 5G usage scenarios and use cases [64],
and 5G should target to support UL NOMA at least for
mMTC [65]. Some of the schemes which have so far been
identified/agreed for investigation in UL mMTC use cases by
3GPP [62]] are summarized in Table. in terms of their
categorization, transmitter characteristics, and receiver types.
It can be seen in Table. [[V]that the UL NOMA schemes can be
divided into three broad categories i.e., scrambling, spreading,
and interleaving based [20], [62], [63]. This section gives a
brief summary of these prominent NOMA schemes agreed for
investigation in UL mMTC use cases.

A. Spreading Based

These schemes are majorly inspired by classic code di-
vision multiple access (CDMA), where multiple users share
same time-frequency resources through unique user-specific
spreading sequences. These schemes are further classified into
low density spreading (LDS) based, and non-LDS based. The
spreading sequences in LDS based schemes are sparse or
non-orthogonal low cross-correlation sequences, which can
be achieved by switching-off a large number of spreading
signature chips in classic CDMA. In the receiver of LDS-
based schemes, iterative algorithms, such as a message passing
algorithm (MPA), can be applied for joint/simultaneous detec-
tion of multiple data streams with near maximum-likelihood
performance. For non-LDS schemes, successive interference
cancellation (SIC) or parallel interference cancellation (PIC)
is is applied at the receiver. Some prominent LDS and
non-LDS schemes are LDS-CDMA [66]]-[|68]], LDS orthogo-
nal frequency-division multiplexing (LDS-OFDM, [69]-[71])),
sparse code multiple access (SCMA, [72]-[80]), pattern divi-
sion multiple access (PDMA, [82]]-[87])), LDS signature vector
extension (LDS-SVE, [88]]), multi-user shared access (MUSA,
[89], [90]). non-orthogonal coded multiple access (NCMA)
[91], [92], non-orthogonal coded access (NOCA, [93]), low
code rate spreading (LCRS, [94])), frequency domain spreading
(FDS, [94]), group orthogonal coded access (GOCA [93]), etc,
as shown in Table.

B. Scrambling Based

Scrambling based NOMA schemes use different scrambling
sequences/patterns to distinguish multiple users, with a SIC
process applied at the receiver side for MUD. Moreover, these
sequences can be used together with low code rate forward
error correction (FEC) codes. Three important schemes that
fall in this category are power domain NOMA (PD-NOMA
[96]-[114]), resource spread MA (RSMA [115]-[117]) and
low code rate and signature based shared access (LSSA
[118]]). In UL PD-NOMA, users can be separated by using
different scrambling sequences and by creating received power
differences among paired users through predefined transmit
power allocation factors). SIC based MUD at the receiver is
achieved by exploiting the received power difference [105]-
[109]. Other scrambling based schemes i.e., RSMA and LSSA,
use a combination of low rate channel codes and scrambling
codes (optionally different interleavers as well) to separate
users’ signals [[L15]-[118].

C. Interleaving Based

The key -characteristic of interleaving based NOMA
schemes is the use of different interleavers to distinguish
between multiplexed users. Moreover, low code rate FEC
can also be applied together with interleaving. For MUD,
an elementary signal estimator (ESE) is used [119]. Some
prominent interleaving based schemes are interleave division
multiple access (IDMA [[119], [120]), interleave-grid multiple
access (IGMA, [121])) and repetition division multiple access
(RDMA, [95]).



TABLE III: Various non-orthgonal multiple access schemes proposed by academia and industry

Hence, the small building block containing data of good user can be tiled in the constellation of bad user.

NOMA Schemes Description Receiver
Type
e Inspired by CDMA, where users can share a RB through unique orthogonal user-specific spreading sequences.
1 LDS-CDMA [66]—[68] e The basic difference is that LDS-CDMA uses LDS or sparse spreading sequences i.e., user data is spread over MPA
a small number of chips rather than all to limit interference on each chip in classic CDMA.
e An integration of LDS-CDMA and conventional OFDM.
2 LDS-OFDM [69]-[71] e Symbols of users are first multiplied with LDS sequences, and then mapped onto different OFDM subcarriers. MPA
Spreading e More fit for wideband than LDS-CDMA, and achieves significant performance improvement.
based e Developed from basic LDS-CDMA. But, bit-to-constellation mapping and spreading are amalgamated in SCMA.
1 ] e Each user has its own unique codebook for bit to codeword mapping. MPA, MPA
3 SCMA [72]-[80 - T . . : . . .
e These codebooks are built using multi-dimensional constellation mapping, that provides constellation shaping with SIC
gain and more diversity.
4 SAMA [81 o Different from other LDS schemes, spreading sequences in SAMA have variable sparsity. MPA
e Data of different users can therefore be spread over different number of resources, providing more diversity.
] ] o Similar to SAMA, sparsity of spreading sequences used by users is variable. MPA/SIC,
5 PDMA [82]-[87]
e On top of it, users are multiplexed in multiple domains i.e., power, space, code, or their combination. BP
e In spreading based schems, user-data bits are carried by vector form of signals spread on multiple resources.
e Based on original LDS, the idea is to design larger user-specific signature (spreading) vectors.
6 LDS-SVE [88] MPA
e For example, concatenating two element signature vectors of a user into a larger signature vector. Such
signature-vector-extension can further exploit diversity gain.
e Dense-spreading style scheme. Uses “complex” spreading codes with short length and advanced SIC receiver.
7 MUSA 891, [90] e Increased pool of spreading codes. User-symbols are spread using same/different complex spreading sequences. SIC
| e Importantly, each users’s data after spreading is overlapped over same resources.
8 NCMA [91], [92] e Spreading codes are obtained through Grassmannian line packaging problem. PIC
9 NOCA [93] e Based on LTE defined low correlation sequences as spreading codes. SIC
10 FDS [94] o Directly spreads the modulation symbols with multiple orthogonal or quasi-orthogonal codes. SIC
11 LCRS [94] e Direct spreading of modulation symbols with multiple orthogonal codes. SIC
e Employs group orthogonal sequences to spread the modulation symbols over time-frequency resources.
12 GOCA [95] e Each group contains orthogonal sequences developed by localized frequency/time-domain repetitions. SIC
e Several non-orthogonal groups are then made by using non-orthogonal sequences in a second stage.
3 1 e Users are multiplexed in power domain. Users transmit their data with different power levels over same RB.
12 PD-NOMA [96][ 114 sIC
Scrambling e eNB exploits the received power difference to perform MUD using SIC receiver.
e Uses combination of low rate channel codes and scrambling codes (and optionally different interleavers)
14 N RSMA [115]-[117] sIC
Based with good correlation properties to separate users
15 LSSA [118] e Each user data is bit or symbol level multiplexed with user-specific signature pattern, unknown to others SIC
16 IDMA [119], 120 e Unique user-specific bit or chip level interleaving used. ESE
+— Interleaving ———— =
17 Based IGMA |[121] e Use bit level interleavers and/or grid mapping pattern to separate users ESE, or CCMUD
e Unlike IDMA, symbol-level interleaving based on cyclic-shift repetition of modulated symbols is used.
18 RDMA [95] sIC
o RDMA transmitter is simpler than IDMA because no random interleave is required.
e Uses unique user-specific channel impulse responses to multiplex users, instead of spreading sequences. PIC
19 SDMA [122] e Due to potentially infinite variety of channel impulse responses, SDMA can support large number of users. )
NL-MUD
e However, accurate channel impulse response estimation is needed at the base station.
o The power domain and code domain are combined to multiplex users.
20 Others LPMA [123] e Implements multilevel lattice superposition codes to allocate different code levels to different CSI users. SIC
e With two degrees of freedom in multiplexing, LPMA becomes more flexible than simple PD-NOMA.
o BOMA multiplexes users by attaching information from good channel user to symbols of bad channel user.
21 BOMA [124] o To achieve same bit error rate as good user, bad user applies coarse constellation with large minimum distance. LCR




TABLE IV: Categorization of some prominent NOMA schemes proposed for the Rel-14 3GPP NR Study item

Category 1: Category 2: Category 3:
Scrambling based Spreading based Interleaving based
e Use different scrambling sequences e Use different spreading sequences/codes o Use different interleavers to distinguish
Transmitter to distinguish different users to distinguish different users different users.
characteristics | o Can be used together with low code LDS code Non-LDS code e Can be used together with low code
rate FEC. rate FEC.
Receiver sIC MPA or BP SIC or PIC (iterative) ESE, or MAP/MPA if there exist
type zero entries, SIC
PD-NOMA [96]-[114] SCMA [72]-[80] MUSA [_89] LCRS [94] IDMA [119], [120]
Candidate
RSMA [115]-[117] PDMA [82]—[]87] NCMA [91] GOCA [95] IGMA [121]
schemes
LSSA [118 LDS-SVE [88] NOCA [93]  FDS [94 RDMA [95
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IV. GRANT-FREE ACCESS FOR MMTC

As mentioned in Sec. many variants of NOMA have
been proposed by academia and industry in recent years.
However, analysis of these schemes in existing literature is
mainly done by considering centralized scheduling, where
spreading sequences, interleaving patterns, and/or transmission
powers of different users are predefined by the eNB. However,
the major drawback of this is the excessive signaling overhead,
which makes grant-free NOMA inevitable.

A step-wise proposal towards grant-free communication
using NOMA based user multiplexing for 3GPP NR was
presented in [125]], with the following four steps.

1) RACH-based grant-based OMA as the starting point
or baseline UL transmission scheme. To deal with the
problems of RA process discussed in Sec. [I-B] and
motivated by several improved RA strategies discussed
in Sec. new RA methods can be designed to
minimize collision and overload problems.

2)

3)

4)

RACH-based grant-based NOMA schemes. In [126], a
novel RA strategy to enable multiple MTCDs to transmit
over same RB is developed. The presence of preambles
is detected using timing advance information. Moreover,
through power control, eNB can detect the number of
devices which have selected the same preamble. This
enables eNB to perform RACH signaling for a group of
devices instead of each individual, which significantly
reduces the signaling overhead in mMTC. These devices
can then be allowed to communicate using grant-based
NOMA transmission over the same data channel.
RACH-based (synchronous UL) grant-free NOMA to
reduce the UL grant overhead. The MTCDs can perform
the RACH, but once they get aligned with the BS, further
transmissions of data need no GA, and are grant-free
NOMA based.

RACH-less (asynchronous UL) grant-free NOMA. In
this case, the MTCDs transmit their data without car-
rying out any RA or GA process.
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Fig. B shows an illustration of RACH-based grant-based,
RACH-based grant-free, and RACH-less grant-free transmis-
sions for UL of 3GPP NR [125]. It can be seen that grant-free
achieves autonomous transmission without explicit dynamic
grant. There are two possible options of resource allocation
in grant-free transmissions. First option is that MTCD’s radio
resource is pre-configured by eNB or pre-determined, while
the second option is that MTCD performs random resource
selection itself [[127]. In both cases, when the MTCD wants
to transmit data, it takes no further scheduling grant or GA
from the eNB, and is termed as a grant-free transmission. In
this context, Fig. [ shows grant-free/contention-based arrive
and go transmissions using OMA, where some i*"* and ;"
users transmit whenever they have data packets [[128]]. In case
both users transmit in the same grant-free slot, a collision is
said to have taken place due to OMA, and they re-transmit
their data later using random back-off procedure.

The state graph of a grant-free transmission is shown in
Fig. |7} If user has no data to transmit in its buffer, it stays in
a sleep state; otherwise, it would wake up, synchronize using
reference signals, and acquire some necessary system infor-
mation. Before direct grant-free transmission, preamble may
be transmitted for UL synchronization to facilitate detection
at receiver. Furthermore, some MA information could be im-
plicitly indicated by the preamble, such as spreading signature,
locations of radio resources, and the timing of retransmissions.
With this information, collisions can be detected, and the blind
detection complexity of eNB can also be greatly reduced. In
general, grant-free UL transmission schemes need to ensure
that transmission parameters, identification of the MTCD for
purpose of decoding data (e.g., knowledge of spreading code,
interleaver, etc.), synchronization, and channel estimation can
be determined or detected by the eNB.

Grant-free transmission using OMA schemes will cause
a tremendous amount of collisions due to limited available
resources as depicted in Fig. [f] where two users transmitting
in the same slot collide and need retransmissions. However,
in case of NOMA, use of different signature patterns will
avoid these collisions as BS can distinguish between multiple
users transmitting over the same RB through their signature
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Fig. 7: Illustration of Grant-free UL transmissions

patterns. Hence, the basic features of grant-free/contention-
based UL NOMA are a) transmission from a MTCD does not
need the dynamic and explicit scheduling grant from eNB, and
b) multiple MTCDs can share the same time-frequency re-
sources through NOMA. It was agreed that grant-free NOMA
schemes, where MTCDs can send their data without going into
any explicit dynamic grant process, are well-suited for mMTC
[129]. The devices can transmit their data whenever they want,
which can reduce signaling overhead and end-to-end latency
[130]. Hence, it was decided that 3GPP NR should aim to
support UL grant-free/contention-based transmissions at least
for mMTC [131]], [132].

As mentioned earlier, depending on weather RACH is
present or not, we have RACH-based/RACH-less grant-free
UL NOMA [132], [133]. Collectively, they come under the
umbrella of grant-free transmission. In RACH-based grant-free
NOMA, once all users perform the RACH, grant-free transmis-
sion can occur in a more synchronized manner. In RACH-less
grant-free NOMA, to reduce the signaling overhead, RACH
can be completely eliminated, and the data transmission phase
starts whenever a user has packets to transmit.

V. GRANT-FREE NOMA SCHEMES

We categorize the different grant-free NOMA approaches
into three main classes: (1) MA signature based, (2) compres-
sive sensing (CS) based, and (3) compute-and-forward (CoF)
based. In what follows, we review the recent and significant
works in each class. Moreover, the use of machine learning
(ML) in grant-free NOMA is also discussed in next section.
A summary of these schemes is provided in Table. [V]

A. Signature based Grant-free NOMA Schemes

In grant-free UL NOMA, eNB may not have complete
information about multiplexed users, with various other chan-
nel/user parameters also unknown/partially-known. To enable
grant-free access, a MA resource is defined, which comprises



TABLE V: Grant-free UL NOMA schemes

Grant-free NOMA schemes

Description

Spreading

MA Signature based
[133]-[152]

Scrambling

Interleaving the MA signatures.

e To enable grant-free access, a MA resource is defined consisting of a time-frequency block and an MA signature.
e The MA signature can be scrambling/spreading/interleaving based, and therefore includes at least one of the following;
codebook/codeword, sequence, interleaver and/or mapping patterns, power dimension, sptaial dimension, preamble, pilot, etc.

e Multiple users can transmit in a grant-free manner using any MA resource, where MUD at receiver is achieved by exploiting

Compressive sensing based

[153]-(168]

e In UL grant-free mMTC, the inherent sparsity of user activities could be used to solve the MUD problem by using CS.

e Exploiting the low user activity ratio, CS techniques enable the eNB to handle more users.

e As blind MUD at eNB needs to jointly perform user activity and data detection in grant-free UL, this activity detection can
be achieved through CS-MUD by exploiting the sporadic nature of mMTC transmissions.

e Moreover, user-specific signature patterns enable the MUD to distinguish between these active users at the receiver.

Compute-and-forward based

1169{-(175]

e Users encode their messages with two concatenated channel codes; one for error correction, and one for user detection.
e The first, inner code, is to enable the receiver to decode the sum of all codewords.

e The second, outer code, is to enable the receiver to recover the individual messages of users that participated in the sum.

Machine Learning based

1176]-[178]

e Inspired by powerful capabilities of ML to look for patterns in data for making best possible, nearly optimal, decisions.
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Fig. 8: Resource mapping of SCMA: 6 users, 4 subcarriers
[139]

of a physical resource (a time-frequency block) and a MA sig-
nature, which may include atleast one of the following; code-
book/codeword, sequence, interleaver and/or mapping pat-
tern, demodulation reference signal, power-dimension, spatial-
dimension, preamble, etc [131]]. For MA signature selection,
one option is that MTCD performs random selection and the
other option is that MTCD’s signature is pre-configured/pre-
determined. Through these MA signatures, various grant-
free NOMA transmissions can be enabled. Some prominent
MA signature (i.e., spreading, scrambling, interleaving, and
multiple domains) based grant-free UL strategies and MUD
receivers are discussed in this section.

1) Spreading based grant-free NOMA schemes:: Gener-
ally speaking, all MA signature-based NOMA schemes ex-
plained previously can be customized to achieve grant-free
UL transmission. Consider spreading-based NOMA schemes
for instance. The spreading code can be designed with either
long or short sequence. Users randomly select the sequence
from a predefined codebook set or a spreading sequence
resource pool. To enable grant-free access, a contention-based
unit (CTU) is defined. The CTU is a basic building block
of a predefined region within the time-frequency plane for
grant-free/contention-based transmissions, and may consist of
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Fig. 9: An illustration of CTU

several fields including radio resources, reference signals, and
spreading sequences [134]. A CTU differs from others in any
fields, and these differences can be exploited by receiver for
efficient MUD. A MTCD, which has data to transmit, ran-
domly selects a CTU and transmits its data packet accordingly.
For mMTC, different MTCDs may choose the same radio
resource, but different fields of the CTU still facilitate the
eNB for efficient MUD.

To elaborate further, let us consider SCMA as an example.
Developed using LDS-CDMA, the original bit stream of each
user is directly mapped to a codeword chosen from its own
dedicated codebook. SCMA codewords are sparse, i.e. only
few of their entries are non-zero. The key difference between
LDS-CDMA and SCMA is that SCMA relies on multidimen-
sional constellations for generating its codebooks. All SCMA
codewords have a unique location of non-zero entries. An
illustration of resource mapping of SCMA is shown in Fig.
[l by considering 6 users, 4 resources, sparsity of 2 (each
user transmits data over 2 out of 4 resources). The maximum
number of codebooks J that can be generated is a function of
N (non-zero entries in a codeword) and K (codeword length).
Selection of N non-zero positions within K elements is
simply a combination problem. The maximum number of such
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combinations is given by the binomial coefficient J = (%).
Hence, for the example shown in Fig [§| with a 4-dimensional
complex codebook (K = 4) and 2 non-zero entries (N = 2),
asetof J= (3) = 6 codebooks is generated, where each user
selects one codeword from its codebook. Each user then maps
its two bits (b1, by) to that codeword. The data is then spread
over the subcarriers. In this case, the data streams of multiple
users are overlaid with codewords from different codebooks.
As there are 6 possible codebooks, 6 users can be multiplexed
over 4 subcarriers (150 percent loading).

In order to provide massive connectivity, a contention-
based/grant-free SCMA scheme is proposed in [134]. In this
context, a CTU is designed, as shown in Fig. 0] This CTU
is a combination of time, frequency, SCMA codebook, and
pilot sequence. There are J unique codebooks defined over
the time-frequency resources (RBs). For each codebook, there
are L associated pilot sequences, making it a total of L x J
unique pilot sequences. In this way, there is a resource
pool of L x J CTUs in the given time-frequency region.
Multiple users/MTCDs may share the same codebook, and
transmit at the same time. As codebooks go through different
wireless channels, the MPA based detector can still detect
these MTCDs data carried over the same codebook, as long as
different pilot sequences are used. Moreover, the receiver can
estimate channels of different MTCDs with different pilots.
Therefore, the number of active users at a specific time slot
can be potentially more than J. In this way, codebook reuse
can help to increase the effective overloading factor and the
number of connections to enable mMTC.

The user-to-CTU mapping rule can be defined, so that each
MTCD can select the CTU itself. For instance, a MTCD can
choose the CTU index as CTUjpgex=MTCDp mod Ncty; the
CTU index that a MTCD chooses to transmits its data over is
a function of the MTCD ID and the resource pool of CTUs
Nctu [134]]. In case different MTCDs choose the same CTU
for transmission, a collision will occur, which can be resolved
through random back-off procedure.

It is to note that the whole time-frequency region does not
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need to be contention supportive. For practical purposes, only
a portion of UL bandwidth is configured as contention regions,
while the other portion can be used for regular scheduled
UL data transmissions. The coexistence of contention-based
NOMA and scheduled access is supported by various studies
in academia and industry. This is based on the fact, that in
addition to the MTCDs, there are a comparatively smaller
number of devices using eMBB services, where scheduled
access has been shown to be quite efficient [135]. The size
and number of access regions are therefore dependent on many
factors e.g., expected number of MTCDs and/or applications,
etc. An example of CTU regions in time-frequency space is
shown in Fig. [I0]

In conventional SCMA, number of codebooks .J depends
on spreading factor K and non-zero entries N, i.e., J = (]Z )
Hence, by varying the spreading factor and degree of sparsity,
significant increase in the codebooks pool is possible. For
instance, for X = 8 and N = 4, 70 codebooks can
be generated. Correspondingly, the number of CTUs in the
contention region increases manifold, thereby improving the
performance of grant-free access.

In order to perform MUD, different types of receivers are
proposed in literature. In this context, performance comparison
of SCMA with three types of receivers i.e., MPA, MPA with
SIC, and MPA with Turbo decoder, is shown in [136]. More-
over, by considering the use of CTUs and massive number of
MTCD transmissions using grant-free access, a blind detection
based receiver is proposed in [137], as shown in Fig. [T1]
The receiver basically consists of two components, where the
first one identifies active MTCDs to narrow down the list
of potentially active MTCDs, and second one is joint data
and active codebook (joint MPA - JMPA) detector to decode
the active MTCDs with no knowledge of active codebooks.
The first component (active MTCDs detector) acts as a pre-
filter to narrow down the list of potential active MTCDs to
control the complexity and efficiency of reception. This can
be achieved through some efficient techniques detailed in the
next section. Based on a short list created by active MTCD



detector through pilot symbols, the channel estimator now
needs to estimate only the channels of these identified active
MTCDs. In addition to receiver, efficient design of codebooks
for SCMA may also facilitate in enhancing the performance of
grant-free transmission with efficient detection. In this context,
a detailed analysis of variable overloading and robustness to
codebook collision for SCMA is provided in [[138].

Similar to the case of SCMA, spreading sequences in the
CTUs can reuse the sequences designed for other spreading
based schemes such as LDS-SVE, PDMA, MUSA, etc., to
facilitate grant-free transmissions. As it was mentioned earlier,
a hard collision may occur if multiple MTCDs select exactly
the same CTU. In these situations, these MTCDs may be
distinguished and detected only if they have distinctive channel
gains. However, from this perspective, an important solution is
to enlarge the pool of spreading sequences, as done in MUSA,
which is one of the candidate techniques for UL grant-free
transmission [|139]]. Multiple random non-orthogonal complex
spreading codes with short length constitute a pool in MUSA,
from which each user/MTCD can randomly choose one. It
is to be noted that for the same user, different spreading
sequences may also be used for different symbols in order
to improve the performance via interference averaging. All
spreading symbols of MTCDs are transmitted over the same
time-frequency resources. At the receiver, codeword level
SIC is used to separate data from different users. Complex
spreading sequences maintain lower cross-correlation than
traditional pseudo random noise based sequences due to the
additional freedom of the imaginary part. It should be noted
that spreading sequences of MUSA are different from LDS
and do not have low density property.

As long spreading sequences used in traditional CDMA
have relatively low cross-correlation, these codes combined
with SIC for grant-free communication would cause process-
ing complexity, delay and the error propagation in the receiver.
Hence, short spread codes with relatively low cross-correlation
are suitable for grant-free UL MUSA [140]. In this context,
the family of complex spreading codes is a suitable option,
as they are short due to the design freedom with real and
imaginary parts. These spreading sequences are specifically
designed to cope with heavy overloading of users, and to
facilitate simple SIC on the receiver side. Moreover, in order
to enable grant-free transmission and minimize the overhead
of control signaling, users choose their spreading sequences
locally/autonomously, without coordination by eNB [133[]. A
RACH-free grant-free MUSA transmission model is shown in
Fig. [I2] Whenever a MTCD has data to transmit, it randomly
chooses a spreading code, and transmits data without any
RACH, GA, or power control. At the eNB, blind channel
estimation and MUD using SIC receiver is performed.

Overall, some practical challenges like collisions and re-
ceiver computational complexity are well addressed in MUSA.
As the elements of spreading sequence are not binary, code-
words do not need to be sparse, and more elements can be used
by the spreading code in MUSA. In this way, a large pool
of spreading codes can be generated, reducing the collision
probability compared to SCMA and PDMA. Meanwhile, the
complexity of blind MUD increases significantly as the pool
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size grows. Therefore, the pool size should be set to reasonable
values in order to achieve massive connections while limiting
the complexity of blind MUD [133]]. Hence, the design of
spreading sequence is crucial to MUSA since it determines the
interference between different users and system performance.
Details about MUSA, its spreading process, and grant-free
transmissions are provided in [140]-[|142].

While most of these works consider an ideal SIC-based
MUD to show the performance bounds of various spreading
codes, a realistic receiver for grant-free MUSA is discussed in
[143], [144]. As mentioned earlier, the important assumptions
for ideal receiver, such as the active users spreading codes
and their fading channel may not be easily known at the
BS before decoding. Fortunately, taking full advantage of the
characteristics of grant-free accessing, e.g. inherent random
near-far phenomenon and MUSAs special features, e.g. short
spreading code, blind MUD with very high performance is
proposed and analyzed in [143], [144]. The blind MUD
investigated for MUSA consists of the following components.
A SIC receiver is used to take full advantage of the near-far
phenomenon usually observed in grant-free systems. Blind es-
timation is suggested by making full use of the characteristics
of the spreading codes and the received signal, as conventional
minimum mean-square error requires the much information
which cannot be a prior known before the estimation in
grant-free access. With blind estimation for the user with
the highest post-SINR in current SIC stage, the decoding
performance of the detected user can be guaranteed. Moreover,
blind advanced channel estimation using pilot/reference signal
is also suggested, where long preambles are not needed in the
channel estimation to save the overhead. With the help of the
advanced channel estimation and SIC, the post-SINR of the
next detected user signal is enhanced and can be successfully
decoded. It was shown through simulation results that the
block error rate of MUSA, with blind SIC receiver, is smaller
than 0.1 even with 300 percent user loading.



Considering the coverage requirements for mMTC, repe-
tition or secondary spreading can also be considered on the
basis of short spreading. The secondary spreading could be
orthogonal, and the spreading code can also be randomly
selected to group users, similar to GOCA. Multiple receiving
antennas can further improve the performance of MUSA due
to the incremental freedom from spatial domain.

2) Scrambling/interleaving  based  grant-free NOMA
schemes: The popular PD-NOMA with SIC receiver is one
possible solution. However, the performance of PD-NOMA
particularly relies on the power difference of multiplexed
users/MTCDs over the same RB. The effectiveness of such a
scheme is limited for the grant-free solutions in the absence of
close-loop power control. The power differences of multiple
users/MTCDs are out of control, since all (distant/close)
near-far randomly distributed users/MTCDs can decide to
transmit data at any time. In short, PD-NOMA generally needs
a deterministic near-far situation. But in grant-free access,
random near-far problem would make the SIC receiver for
PD-NOMA difficult [102], [103], [129]. A detailed analysis
of the effects of channel gains and power allocations of
multiplexed users on their bit error rate and capacity for a
PD-NOMA scenario is performed in [[104]. It has been shown
that the channel gains of users and their power allocation is
critical for the performance of SIC receiver. However, some
PD-NOMA based UL grant-free schemes do exist in literature
such as integration of ALOHA or slotted-ALOHA protocols
with PD-NOMA [145]-[147]. The eNB adaptively learns
about the number of active devices using multi-hypothesis
testing, and a novel procedure enables the transmitters to
independently select distinct power levels.

For other scrambling based schemes, grant-free transmission
and potentially asynchronous access using RSMA is proposed
for UL in mMTC [140], [148]. Similarly, interleaving based
NOMA schemes, and the schemes in multiple domains sum-
marized in Table. [[l| and [[V] can also be customized to support
grant-free communication.

3) Other signature based grant-free NOMA schemes: Some
other grant-free transmission schemes motivated by signature
based NOMA are also proposed in academia. For instance, in
[149], a Raptor code based NOMA for mMTC is proposed
with random data packet arrivals. In the considered system,
MTCDs do not need to perform RA to get a transmission
slot or network access. Instead, the RA and data transmission
phases are combined over randomly selected subbands to
minimize overhead. The eNB, being unaware of the number of
MTCDs multiplexed over a subband performs load estimation
and SIC for MUD.

The steps and details of Random NOMA strategy are
summarized as follows.

1) Initially, eNB broadcasts a pilot signal over each sub-
band at the beginning of a time slot.

2) Each MTCD with data for transmission randomly
chooses a subband from a set of available subbands, and
listens to the pilot signal transmitted by eNB over that
subband. Correspondingly, the MTCD estimates channel
over that subband. Moreover, the MTCD also randomly
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chooses a seed for its random number generator from a
set of M, available seeds.

3) Each active MTCD, after randomly selecting a subband
and seed, attaches its unique terminal ID to its message,
and encodes using a Raptor code constructed from
the selected seed, and transmit the codeword over the
selected subband.

4) When eNB receives superimposed message signals of
various users over a subband, it performs load estimation
followed by SIC for MUD. The SIC order is such that
eNB starts decoding with the first seed and removes
interference of it, followed by second seed and so on.

An example scenario is shown in Fig. where bandwidth is
divided into 4 subbands, and users randomly choose a subband
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for data transmission. The data retrieval at eNB is shown
in Figs. [13b] and where eNB performs load estimation
(number of multiplexed users) for each subband, followed
by SIC process to separate and recover the data of each
user over that subband. All MTCDs are assumed to perform
power control such that their received power at the eNB is
same. In this way, eNB can effectively estimate the number
of MTCDs multiplexed over each subband by calculating the
total received power, as it would be proportional to the number
of overlapped MTCDs. Further details about load estimation
algorithms can be found in [126].

Due to random subband selection by MTCDs, the achiev-
able rate over each subband is not fixed and depends on the
number of these randomly overlapped MTCDs. Therefore, the
number of coded symbols to be transmitted over each subband
is also random. To elaborate this, Fig. |E| shows the variable
length of each sub-band in two consecutive time slots. It is
important to note that each time slot duration will be mainly
determined by the subband with highest number of active
MTCDs, as its maximum achievable rate would be lower than
the rest. This means that a fixed-rate code cannot be used in all
time instances. Accordingly, use of Raptor codes is proposed
in [149].

Raptor codes are rateless and can generate as many coded
symbols as needed by eNB. They have a random structure
represented by a bipartite graph, which depends upon a pseudo
random generator’s seed. By using the same seed, eNB can
reproduce the same bipartite graph as that of the MTCD
and decode the message. In case multiple MTCDs select the
same seed while transmitting over the same subband, their
transmitted code structure will be exactly the same. In this
case, a collision is said to have taken place, as the eNB cannot
differentiate between these users due to same structure of
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Fig. 15: CS-based blind MPA detector

received codewords. However, the probability of such collision
is still far less than the conventional RA collision. The work in
[149] compared the average number of successful supported
MTCDs by the random NOMA scheme with access class
barring. It was shown that the proposed scheme supported
significantly larger number of devices compared to access class
barring.

Improvisations in random NOMA may completely avoid
collisions. For instance, assume that each device always uses
a unique user-specific seed determined in advance, then the
collisions can be completely eliminated. However, this may
still be complicated when number of MTCDs is incredibly
large; need for massive seed pool and complex detection
process at eNB by trying such massive seeds for data recovery
of multiplexed users over each subband. The performance
limits of random NOMA scheme for massive cellular IoT are
comprehensively discussed in [[I150]]. In [151]], a novel frame-
work for grant-free NOMA is developed, where collisions
between any number of users over a radio resource does not
entail for all simultaneously transmitting multiplexed users,
and is treated as interference to the remaining received signals.
Moreover, as PD-NOMA is less discussed from a grant-free
UL perspective, a novel multi-level grant-free scheme is pro-
posed in [[152]]. The layers correspond to different codebooks
and different power levels. The users first choose a layer
randomly, which corresponds to a codebook. Users in each
layer utilize the same codebook and perform power control
such that they have the same received power level at the eNB.
To achieve this, users choose between a predetermined set
of power levels. At the receiver, the sum of codewords over
each layer are first separated from remaining layers, symbol
by symbol. Then, the codewords of the same layer are jointly
decoded at the eNB.

B. Compressive Sensing based Grant-free NOMA Schemes

CS is an efficient signal processing technique that exploits
the sparsity of a signal to recover it from far fewer samples
than required by the Nyquist criteria. In current wireless
systems, the number of active users is usually much smaller
than the total number of available users in the system, even
during busy hours [153]. This characteristic also applies to
mMTC scenarios. Thus, in UL grant-free NOMA systems, the
inherent sparsity of user activities could be used to solve the
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MUD problem by using CS algorithms. Exploiting the low
user activity ratio, CS techniques enable the eNB to handle
more users [154], because CS makes it possible to recover the
desired signals from far fewer measurements than the total
signal dimensions if signal sparsity is assumed.

NOMA with CS-MUD is considered as a promising can-
didate to enable grant-free UL NOMA for mMTC. As blind
MUD at the eNB needs to jointly perform user activity and
data detection in grant-free UL, this activity detection can
be achieved through CS-MUD by exploiting the sporadic
nature of mMTC transmission, allowing the CS based algo-
rithms to detect user activity. Moreover, user-specific signature
patterns enable the MUD to distinguish these active users
at the receiver. CS-MUD based NOMA schemes allow the
users/MTCDs to transmit their data whenever they want with-
out any control signaling.

Considering a fewer number of active users compared to
the actual number, two models are used in the literature
to formulate NOMA as a CS problem. The first model is
termed as a single measurement vector based CS (SMV-CS),
where a one shot transmission is considered by taking the
received signals as a vector y, which consists of superimposed
signals of active users. The received vector y is product of
a vector d consisting of data symbols of the users, and a
sensing matrix A, which contains the influences of channel
and spreading matrices. In SMV-CS, when the number of
users increases, the size of this sensing matrix A becomes
huge, which leads to poor sampling matrix properties and
hence limits the scalability of the system in terms of detection
speed. To deal with this, multiple measurement vector based
CS (MMV-CS) considers the received signal as a matrix Y,
which is a product of two matrices, i.e, a sensing matrix A
and a data symbols matrix D, where each row of D contains
data frame of a single user and each column represents the
symbols from all users at a time instant. This is done to

reduce the size of the sensing matrix A. Hence, compared
with the SMV-CS model, MMV-CS can better mitigate higher
complexity due to the growing number of users. These models
have been actively used to represent the sparse spreading-
based NOMA in UL mMTC scenarios [156]—[158]]. Moreover,
in order to perform CS-MUD, various algorithms exist in
literature. These algorithms can be categorized as maximum
a posteriori probability (MAP) based algorithms and greedy
algorithms [155]], and are used frequently for CS-MUD.

In the UL grant-free NOMA systems, the current near-
optimal MUD based on MPA was discussed earlier to approxi-
mate the optimal MAP detection. The receiver assumes that the
user activity information is exactly known, which is impracti-
cal yet challenging due to any of the massive users randomly
entering or leaving the system. In this context, a joint use
of CS and MPA for designing a CS-MPA detector to realize
both user activity and data detection for LDS based UL grant-
free NOMA is proposed in [[159]. The sparse signal recovery
algorithms in CS can be used to realize user activity detection
by identifying the positions of non-zero elements, for which
a compressive sampling matching pursuit (CoSaMP, [160])
algorithm is used due to its low complexity and excellent
robustness to noise. CoSaMP is one of the many CS algorithm,
and is a common method applied to detect nonzero elements in
a sparse signal by using the intrinsic sparsity of signals. After
the activity detection through CoSaMP, by making full use
of the sparsity of LDS structure, low complexity MPA based
receiver is employed. A basic working principle of CS-MPA is
shown in Fig. Similarly, by observing a structured sparsity
of user activity in mMTC, a low-complexity MUD based on
structured compressive sensing for NOMA to further improve
the signal detection performance is proposed in [[161]].

In [162], the CS-MPA of [159] is optimized by incorpo-
rating a two stage CS based activity detection for a LDS-
OFDM UL grant-free NOMA, as shown in Fig.[I6] In the first



stage, a correlation-based activity detection is carried out. The
approximated support obtained at the first stage is then fed into
the second stage which executes the CoSaMP algorithm. In
addition to these MUD receivers, by considering the variations
in the sparsity level of the multi-user signals, a switching
mechanism between the CS-MUD and the classical MUD can
be adopted, as proposed in [163[]. Similarly, as the sparsity
of active users varies from time to time, a low complexity
dynamic CS based MUD is proposed in [[164]. This is based
on the idea that although users can randomly access/leave
the system, some users generally transmit their information in
adjacent time slots with a high probability, which leads to the
temporal correlation of active user sets in several continuous
time slots [165]]. By exploiting this temporal correlation, the
estimated active user set in a particular time slot is used as the
initial set to estimate the transmitted signal in the next time
slot in the dynamic CS-based MUD.

In addition to CS, the user activity detection could be
realized by different algorithms and schemes. Three different
algorithms are developed for active pilot detection in this
context i.e., channel estimation-based algorithm, focal under-
determined system solver (FOCUSS), and expectation maxi-
mization (EM) [137]]. These algorithms can also be combined
with blind detection, as shown earlier in the case of JMPA
receiver. Furthermore, a sparsity-inspired sphere decoding (SI-
SD) based blind detection algorithm for grant-free UL SCMA
is proposed in [166]. By introducing one additional all-zero
codeword, each user’s status and data can be jointly detected,
thus avoiding the redundant pilot overhead, and achieving the
MAP detection. Similarly, an improved detection-based group
orthogonal matching pursuit (DGOMP) MUD is proposed in
[167] to facilitate massive grant-free UL SCMA transmission
and reception. Moreover, in [[L168]], a comprehensive study
is provided where synchronization, channel estimation, user
detection and data decoding are performed in one-shot.

C. Compute-and-forward based Grant-free NOMA Schemes

Another approach towards grant-free NOMA was proposed
in [[169], [[170], where the principle of CoF [171]] is employed.
The scheme relies on codes with a linear structure, specifically
nested lattice codes. The linearity of the codebook ensures that
integer combinations of codewords are themselves codewords.
A destination is free to determine which linear equation to
recover [169]. The concept of network coding in CoF can
be interpreted as a conversion of a network into a set of
reliable linear equations. Inspired by this, in CoF based grant-
free NOMA, users encode their messages with two different
channel codes where one is used for error correction and
the other is used for user detection. The latter is chosen
such that the sum of K or less distinct codewords is unique.
Correspondingly, at the receiver side, the eNB has to first
decode the sum of the received codewords. In situations when
the eNB cannot recover the sum correctly, all the transmitted
data is lost, which is similar to the existing MA signature-
based grant-free NOMA schemes discussed earlier.

A channel use is divided into multiple sub-blocks, where
each active user randomly chooses a sub-block, over which
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it transmits. All users encode their messages using the same
codebook C, which are then modulated. The codebook C
is developed as a concatenation of two codes. The first one
is an inner binary linear code, whose purpose is to enable
the receiver to decode the modulo-2 sum of all codewords
transmitted within the same sub-block, which can be referred
as the CoF phase. The second code is an outer code, whose
purpose is to enable the receiver to recover the individual
messages of users that participated in the modulo-2 sum. This
recovering of the individual messages from their modulo2 sum
can be referred as the binary adder channel (BAC) phase. The
success probability of the CoF phase in [[170] is independent
of the actual number of users that transmitted within the same
sub-block. However, the outer code in [[170] is designed such
that if at most M users use the channel over a particular sub-
block, it is possible to determine the individual messages from
their modulo-2 sum, essentially with zero error probability.

The design of an inner code to be used in the CoF phase
reduces to that of finding codes that perform well over a binary
input memoryless output-symmetric channel, for which many
off-the-shelf codes can be used. For the outer codes used in the
second phase/stage, they can be constructed from the columns
of T-error correcting Bose-Chaudhuri-Hocquenghen (BCH)
codes [[172]]. As mentioned, at the receiver side, the eNB has
to first decode the sum of the received codewords. When the
eNB cannot recover the sum correctly, all the transmitted data
is lost which is similar to the existing works on signature-
based grant-free NOMA schemes. Moreover, in CoF based
grant-free NOMA [169]-[|171]], a closed loop power control is
used with the extension to open-loop power control being not
straight-forward. A similar approach with similar challenges is
considered in [173]-[175] using physical layer network coding
where users transmit to a multi-antenna eNB.

VI. MACHINE LEARNING IN GRANT-FREE NOMA

Recent research continues to confirm the powerful capabil-
ities of ML technologies [[179] in enhancing the efficiency of
transmitter/receiver designs in wireless communications. ML
can solve NP-hard optimization problems in a faster, more
accurate, and more robust manner than traditional approaches.
Instead of relying on models and equations, ML algorithms
look for patterns in the data to make the best possible,
nearly optimal, decisions. The robustness of ML algorithms
is especially desirable in wireless communications due to
the dynamic nature of the networks, whether it is the fast-
changing channel states, the dynamic network traffic, or even
the network topology and scheduling. For NOMA systems,
ML can be applied to several of its NP-hard problems that
include (1) attaining channel state information, (2) resource
allocation, (3) power allocation, (4) clustering, (5) complex
joint decoding and (6) the fundamental trade-offs among them.
This is especially useful in massive NOMA, as the complexity
of these processes grows exponentially with the number of
users.

Before we proceed to survey the literature, it is of value to
briefly explain some important terminology:

e Supervised/Unsupervised learning: Supervised learning

aims to learn the mapping function between input data



and its respective output (called its label) by minimizing
the function approximation error. On the other hand,
unsupervised learning aims to extract the inner features
of unlabelled data. One example of the latter would be
the autoencoder.

o Reinforcement learning: Reinforcement learning is based
on a reward system where the learner is trained through
multiple trial and error attempts to maximise rewards.
Video games are a popular example of this paradigm.

e Deep learning: Deep learning is a subset of ML that is
capable of unsupervised learning from data that is un-
structured or unlabelled. It is also known in the literature
as deep neural networks.

e Online/Offline learning: Offline learning is often also
referred to as batch learning. In batch learning, the
parameters are updated after consuming a whole batch of
data. On the other hand, in online learning, the parameters
are updated after each training data learnt.

Although the concept of leveraging ML algorithms to solve
communications-related problems can be dated back to almost
20 years ago, it seemed to have little, and possibly no, impact
on the way communications was designed and implemented
until now. We suspect that the main reason is that information
theory, statistics and signal processing offered very accurate
and often flexible models, that allowed for designs with reli-
able, analytically proven, performance guarantees. Nonethe-
less, with the development and wide spread of specialized
software libraries and as well as cheap processing chips,
training and testing machine learning models has become
much more attractive.

For the physical layer, learning algorithms have been ap-
plied to demodulation [180]], channel codes [181], BP for
channel decoding [182]], one-shot channel decoding [[183], CS
[184], coherent [185]], and blind [186] detection. For higher
layers, learning algorithms have been applied to traffic load
prediction, control and channel access schemes [187]|-[191].
Learning algorithms change the way we fundamentally solve
communication problems. Traditionally, to find optimal solu-
tions, our transmitters and receivers are divided into several
independent blocks e.g. coding, modulation etc. Similarly,
the overall communication system is divided into layers that
perform tasks independently, e.g. routing, scheduling, resource
allocation etc. Such a division, though sub-optimal, allows for
the separate analysis and optimisation of tasks and eventually
to stable systems. However, the approach of learning technolo-
gies disrupts this entire process by attempting to accomplish
more than one task at once. For example, authors in [192]]
went as far as demonstrating that it is possible to build a
point-to-point communications system whose entire physical
layer processing is carried out by neural networks. The work
in [[193] is another example of this, where UAV deployment
design and trajectory amongst other aspects were optimized
jointly through ML.

Here, we review the few, yet growing number, of ML based
papers that can be found in the literature on NOMA thus far.
We cover both grant-based as well as grant-free NOMA.

A. Machine learning in grant-based NOMA:

In [194], authors use deep learning to solve the high
computational complexity of traditional channel estimation
and detection algorithms that is mainly due to the fast-
changing wireless channel. Authors use long short-term mem-
ory (LSTM), a branch of recurrent neural networks commonly
used for natural language processing, to perform automatic
encoding, decoding and channel detection in a DL NOMA
system with randomly deployed users. LSTM is made to learn
the channel characteristics between the base station and each
user for better power allocation. Results show performance
enhancements in terms of sum rates as well as block error
rates.

In [[195], the authors apply deep learning to SCMA to
facilitate codebook design which is notoriously difficult due
to its high-dimension. The performance of SCMA heavily
depends on the codebook chosen. These codebooks are usually
hand-crafted in a case by case manner. The devised deep neural
network can construct codebooks that minimize the block error
rate and can adapt to the available set of resources. The authors
also use deep neural networks to perform single shot decoding.
Results show that the performance is very close to MPA and
scores an order of magnitude improvement over conventional
SCMA at high signal-to-noise ratio.

In [196], authors proposed an online learning detection al-
gorithm for UL NOMA with SIC, where devices are clustered.
Traditionally, non-linear beamformers are highly sensitive to
variations in the environment and their performance may
deteriorate in dynamic networks where devices may join
sporadically. Here authors propose a partially linear beam-
forming filter design. ML is more robust to cluster sizes even
with perfect channel state information due to its ability to
detect error propagation in SIC. In [197], authors use deep
recurrent neural networks learning to obtain energy efficient
resource allocation for heterogeneous cognitive radio networks
between [oT and mobile users. In [198]], deep learning was
used for power allocation of caching based NOMA in three
phases: exploration, training, and exploitation. In [[199], deep
learning was used for the joint DL resource allocation problem
for a multi-carrier NOMA system. Lastly, an unsupervised
ML approach is proposed for NOMA in [200] to solve the
clustering problem.

B. Machine learning in grant-free NOMA:

The work in [176] aims at solving the MUD problem of
UL grant-free NOMA through CS without relying on any a
priori knowledge, namely the user sparsity level or noise level.
The latter two are usually required for the correct termination
of the recovery process. Instead, authors adopt statistical
and ML mechanism cross validation (CV) to determine the
user sparsity level, mathematically referred to as the model
order, and eventually to decide when recovery needs to be
terminated. Results show that the proposed algorithm well
avoids overfitting and underfitting.

In [[177], deep learning is used to solve a variational
optimization problem grant-free NOMA scheme. The neural
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Fig. 17: Detailed network structure for deep learning aided grant-free NOMA, as in [[177]]

network model covers encoding, user activity, signature se-
quence generation and decoding. Simulation results show that
the process can be of very low latency to suit tactile IoT
applications. The detailed network structure for deep learning
aided grant-free NOMA is shown in Fig.

In [178]], authors propose two MUD schemes, namely, ran-
dom sparsity learning MUD and structured sparsity learning
for synchronous and asynchronous transmissions, respectively.
Authors show that even when users do not use pilot signals,
the proposed algorithms demonstrates low error rates. Thus,
the proposed algorithms can significantly reduce overhead in
grant-free access scenarios.

C. The Way Forward

In general, the research work presented thus far in the litera-
ture demonstrates very promising performance enhancements
to existing systems in terms of faster processing and near-
optimal solutions. However, the research work is still too
independent to give a clear picture on how things compare,
especially when comparing different learning solutions to the
same problem. Below, we put forth some issues and concerns
related to the line of work, some of which are re-iterated from
other authors.

o Poor choice of benchmarks: Benchmarks taken from the
traditional line of work are often too basic and very old.
Researchers need to be comparing against recent cutting-
edge solutions proposed in the literature.

e Poor choice of system models: If research in this area
focuses on simple yet practical system models, we have
a chance at comparing our results to the theoretical limits
of the system to better understand just how near we
are to the optimal scenario. This is crucial point, as
it is very difficult to asses what is the best we can
get with ML. In other words, performance will almost
never be analytically verified which leads us to believe
that research on finding theoretical fundamental limits of
systems will forever continue to evolve and should not
be undervalued and marginalized.

o Practical channel statistics: Systems with unknown chan-
nel models need to be better addressed by these ap-
proaches [[192]] in order for learning algorithms to retain
their reputation of ability to tune parameters on the fly.
So far all algorithms rely heavily on channel models.

o User detection solutions need to incorporate collisions
(for grant-free NOMA): All work focuses on user detec-
tion and correct estimation of parameters. However, thus
far assume that users have unique signature sequences
and thus collisions are not an issue. However, in massive
user settings, assigning unique signature sequences is
not practical and collisions are the bottleneck of the
performance. Thus, collision detection and resolution
need to be better addressed in grant-free settings.

VII. INFORMATION THEORETIC PERSPECTIVE OF
GRANT-FREE NOMA

The capacity bounds of the classical multi access channel
(MAC) with a fixed number of users and an infinitely large
block length is well understood. However, for many years,
information theorists have been hinting and even trying at
deriving capacity bounds for grant-free channels. For instance,
over 30 years ago, [201] sought a coding technology that is
applicable for a large set of transmitters of which a small,
but variable, subset simultaneously uses the channel. Over 10
years ago, authors in [202] concluded that when the total
number of senders is very large, so that there is a lot of
interference, we can still send a total amount of information
that is arbitrary large even though the rate per individual
sender goes to 0 [202, pp. 546, 547]. With the fast evolution
of mMTC, information theorists have amplified their efforts
in deriving insightful and easy ways to evaluate capacity
bounds that suit these new and pertinent scenarios. The main
challenges faced for grant-free NOMA are with the finite block
length regime, the random activity of users, and the growth
of the number of users with the block length. Below, we
provide the main information theoretical studies to date related
to grant-free NOMA.



A. Capacity of Gaussian MAC in Finite Block-Length

The works in [203]-[205] investigated simple bounds on
the K-user MAC, where K is fixed and block length is
finite. It was shown that, unlike the asymptotic case, OMA
is strictly bounded below the capacity. It was further showed
that the capacity can only be achieved with NOMA and joint
decoding. In general, these bounds involve the evaluation of
probabilities in 2K -dimensional spaces, and thus can only be
evaluated for small values of K. Similar results have been
found in [206]-[208]. Other works aimed at investigating the
penalty on the performance bounds introduced by the random
activity of users and collisions [151]]. The work showed that by
considering collisions as interference, the throughput can be
significantly increased. Moreover, it was also shown that there
is a significant gap in performance between joint decoding and
successive decoding.

B. The Gaussian Many Access Channel

The work in [209] introduced a new paradigm to this area
of research, namely the many access paradigm. A case was
considered where both the number of users and the block
length go to infinity; however, the number of users can scale as
fast as linearly with the block length. This assumption renders
classical theory inapplicable as the number of users can grow
larger than the block length which is typical for most if not
all mMTC scenarios. When user activity is unknown at the
receiver (random), authors show that the capacity is achiev-
able by having transmitters concatenate a unique signature
sequence to the payload and performing a two-stage decoding
scheme at the receiver: (1) user detection, followed by (2) data
decoding. The derived capacity for RA is the same as that
with known access, minus a penalty factor characterised by
the minimum length of signature sequences needed to obtain
an arbitrarily low and even vanishing error probability in active
user detection. An error in active user detection can be either
a missed detection or a false alarm. Similar to the results in
[203]], authors show that successive decoding cannot achieve
the sum capacity in this scenario unlike classical multiple
access capacity regions. Overall, the derivations in [209] are
heavily rooted in it being a CS problem. According to our
knowledge, no attempts to date have been shown to achieve
or approach this capacity bound.

C. Random Coding Bound

Unlike the work in [209], [169] sought a capacity bound
for the case where users utilize the same encoders/codebook
(no unique signature sequences) which is more practical when
the total number of users in the network is large. This is also
known as symmetrical encoding. The sole task of recovering
the unordered list transmitted messages is assigned to the
decoder, thus decoupling the role of user identification from
data recovery, reasoning that the identification is part of the
payload. Provided that this permutation invariance holds (i.e.
the conditional channel output distributions are independent
of the channel input permutations), [169] derives the random
coding bound that dictates the limits on RA code lengths that
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can achieve an arbitrarily small error probability. The error
probability is defined as the number of average fractions of
correctly recovered messages. Thus, the error is defined on
user level rather than a network level. For a K-user MAC,
the RA codes should be such that the sum of any K or less
unique codewords can be decoded reliably.

D. Achievability of the Random Coding Bound

Following on from [169] RA channel setup, [210] demon-
strated the achievability using rateless codes. Unlike [209]],
where random user activity was shown to introduce a penalty
on the capacity, [210]] showed that the performance is the same
in first and second order, whether user activity is known or not.
Moreover, for a symmetric multiple access channel, there is
a single-threshold decoding rule rather than the more familiar
2K — 1 simultaneous threshold rules. The considered class
of rateless codes differs slightly from that in the literature.
Here, codes are not rateless in that codewords vary in length,
but rather that decoding varies in time. Moreover, traditional
rateless codes, such as Raptor codes, assume arbitrary decod-
ing times and single-bit feedback to terminate transmission,
the codes in [210] considered that a single-bit feedback is
transmitted at every time step indicating whether to continue
or terminate transmission. In [210]], users listen at finite and
predetermined set of times thus allowing the feedback rate to
vanish as the block length grows. The decoding times are fixed
to n1, ns, such that n; denotes the time at which the decoder
believes there are 7 active users. After every coding epoch n;,
the receiver sends a feedback bit that indicates whether it is
ready or not to decode. Other works inspired by the random
coding bound and the system model introduced by it can be
found in [152], [[170]]. However, the work therein focuses on
proposing practical and low complexity system architectures
rather than achieving or approaching the capacity bound.



VIII. PRACTICAL CHALLENGES AND SOLUTIONS FOR
GRANT-FREE UL NOMA

NOMA has demonstrated significant potential to provide
massive connectivity and large spectral gains. However, to
support/optimize grant-free transmission, resource definition,
allocation, and selection is important. Moreover user syn-
chronization, active user and data detection, potential colli-
sion management, HARQ, link adaptation, and power control
procedures would need to be investigated [128[]. Some of
these practical challenges are highlighted in Fig. [T8] and are
discussed as follows.

A. Resource definition, allocation and selection

In order to enable grant-free access, the radio resource for
transmission should be defined before any grant-free transmis-
sion starts, and be known to both the UE and BS. The pre-
defined resource for grant-free transmission can be similar to
the CTU defined earlier in Fig.[9] Each CTU may include time-
frequency resources, and may combine with a set of pilots
for channel estimation and/or UE activity detection, and a
set of MA signatures (e.g., codebooks/sequences/interleavers)
for robust signal transmission and interference whitening, etc.
Moreover, the size and location of time/frequency resources, as
well as the pilot/signature patterns associated with it should
be pre-defined, as shown earlier in Fig. [I0] Once resources
are defined, the resource allocation problem is to study how
to allocate the CTUs to different UEs. It is possible for the
BS to allocate the CTUs to users. However, to enable more
autonomous transmission, the users can select a CTU i.e.,
some specific pilot and signature pattern. The selection of the
specific pilot and signature can either be done randomly from
the resource pool, or according to some pre-defined rule.

B. Synchronization among devices

Grant-free/contention-based UL transmission is expected
to be supported by transmission without close-loop time
alignment signaling or a RA process (RACH-less grant-free).
In such scenarios, if the timing offset between randomly
transmitting MTCDs is larger than the cyclic prefix (CP), it is
referred to as asynchronous transmission. This asynchronous
transmission will cause a tremendous complexity increase for
MTCD detection and decoding at the receiver side. In this
case, well-designed preambles can assist the active user identi-
fication, timing-offset/frequency-offset estimation, and channel
estimation [[128]. Some preamble transmission procedures for
the mMTC UL are provided in [211]].

Moreover, a MTCD may still need to detect synchronization
signals and system information blocks for DL synchronization
[212]. Given DL synchronization, a UE can adjust its UL
transmit timing and, in many cases [213], achieve UL synchro-
nization (time-offsets between UEs within CP length) without
close-loop timing advance command. Hence, synchronous UL
transmissions within CP can often be feasible for mMTC.
To avoid increasing the reception complexity and operation
difficulty, time misalignment can be limited by using proper
CP length and symbol duration.
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C. Blind detection of MTCD activity and data

In grant-free transmission, since eNB has no prior infor-
mation of when a MTCD may initiate transmission, it has to
detect on each CTU which MTCDs have transmitted. Such
MTCD activity detection is normally preferred to be done
jointly with data decoding to reduce latency and overhead.
This blind detection is crucial to the performance of grant-free
UL communication. However, how to do the blind detection
and based on what to detect is the major problem that needs
to be investigated. One better option is to use pilots as was
done in grant-free UL SCMA. In this case, pilots may serve
the purpose of both the MTCD activity detection and channel
estimation. In this context, efficient pilot designs for joint user
activity detection and channel estimation should be studied.
Moreover, performance of MUD is also a major concern.
For example, the SIC receiver may suffer from imperfections,
and the SIC error is then propagated and effects other over-
lapped MTCDs detection. A comprehensive discussion and
performance evaluation of different advanced MUD receivers
for grant-free transmissions is provided in [214]. Some non-
coherent detection techniques have recently been proposed in
literature for massive NOMA in grant-free access [215]-[217].
Moreover, the CS-MUD and ML techniques described earlier
can also be used for efficient data recovery.

D. Collision management and reliability enhancement

In grant-free transmission, it is likely that more than
one MTCD would end up using the same time-frequency
resource. In the code/interleave domain NOMA, which in-
cludes spreading, interleaving or codebook-based signatures,



Initial Tx

1t Re-Tx

21

2M Re-Tx

pl Data H CRC p2

Data H CRC p3

Data H CRC

X

X

Time out

Time out t

Fig. 20: Initial transmission and re-transmission of one user with mapped pilots

colliding MTCDs are still separable through differences in
their signatures or pattern vectors. However, if some MTCDs
happen to use the same pattern vector, a hard collision is said
to have taken place and these MTCDs will suffer from each
other’s signal interference. In this context, the impact of such
collision should be studied [[218]]. Some solutions to deal with
MA signature collisions are efficient MA signature design,
larger resource pool, detection optimization, MA resource
management, and mode switching mechanism (between grant-
based and grant-free) [219].

In the context of resource pool increase, Fig. [[9a] shows an
example of code/interleave domain NOMA with 4 MTCDs,
where a near-to-eNB MTCD M3 and far-from-eNB MTCD
M1 choose the same pattern vector A, and are not separable
at the eNB. As one of the countermeasures, PD-NOMA is
introduced in the system as shown in Fig. [I9b] The sys-
tem model is same as previous, but the users adjust their
transmission power, so that a power difference is achieved
at the eNB for signal separation [220]. Therefore, by using
PD-NOMA, MA signature patterns can be reused. Hence,
design of UL NOMA schemes should consider how to deal
with collisions of NOMA patterns for grant-free/contention-
based UL transmission. Moreover, similar to the example in
Fig. MA signature combination-based solutions to resolve
collisions should be considered [220].

E. Link adaptation and power control

Link adaptation is a term used in wireless communications
to denote the matching of the modulation, coding and other
signal and protocol parameters to the conditions of the radio
link. Efficient link adaptation results in better utilization of
the network resources, detection error rate reduction, energy
efficiency, reduced latency etc. Generally, link adaptation is
based on the channel state information. However, in grant-
free transmissions, MTCDs might not have the exact UL
channel status. A solution is to consider the channel between
MTCDs and eNB to be reciprocal in each direction (a case
in time division duplexing). Hence, the MTCDs can estimate
their channel to the eNB using the periodically received
pilot/reference signals from eNB, and correspondingly adjust
their transmission parameters to facilitate data recovery at the
eNB. For instance, in the grant-free Random NOMA scheme
explained earlier, the MTCDs after estimating their channel
can adjust their transmission power so that their received
power at the eNB is always the same fixed value, which helps
the eNB in load estimation over a sub-band [149].

Another solution is to divide the radio resources or CTUs
into orthogonal MA blocks (MABs). Different MABs occupy

different radio resources and may adopt different transmit pa-
rameter settings i.e., transmission block sizes, MCSs, transmit
power, etc. Configurations of the MABs can be broadcasted by
the eNB. During data transmission phase, any active MTCD
first selects one MAB followed by MA signature or pattern
vector. At eNB, MUD can be parallelly performed on each
MAB. In addition, each MAB may be assigned with a limited
number of signatures, thereby reducing the computational
complexity of blind detection at the receiver.

F. Hybrid automatic repeat request (HARQ)

In UL grant-free transmission, a user waits for a fixed time
period to figure out whether its previous transmission is suc-
cessful or a retransmission is needed. This is usually achieved
through an ACK/NACK feedback from eNB. However, unlike
grant-based transmission, the eNB is not aware of which UEs
are transmitting information in advance. Therefore, eNB has
to perform user activity and data detection, followed by the
ACK/NACK feedback. In addition to potentially poor channel
conditions, collisions among users and increased interference
level by contention based NOMA for mMTC may also lead
to incorrect data detection at eNB, which results in a NACK.
In this case, HARQ retransmissions are of prime importance
to guarantee the reliability of data.

For a failed UL transmission, MTCDs need to re-transmit
their data one or more times. HARQ can efficiently merge
new transmissions with the previous one. However, one issue
is how to identify the first transmission and the retransmissions
for a HARQ process. One potential solution is that the
eNB can explicitly schedule retransmissions via DL control
signaling. Another efficient mechanism to address this problem
is to use different pilots mapped to transmission and re-
transmissions to identify the transmissions of a same packet
by a particular user. An example of this is shown in Fig. 20]
where a user does one transmission and two retransmissions.
Pilots pl, p2 and p3 are mapped on initial transmission, 1%
retransmission and 2" re-transmission, respectively. If the
eNB successfully identified all pilots during the transmission,
it can still potentially decode the signal by combing all the
uncoded packets. Furthermore, due to the grant-free nature
of transmission, the HARQ procedure can be different from
LTE scheduled HARQ [212f]. A detailed insight into the
HARQ process, and potential HARQ techniques for grant-free
transmissions is provided in [221].

Based on the discussion in this section, the identified
practical challenges, their description, and possible solutions
are summarized in Table. V1l
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TABLE VI: Summary of practical challenges, their description, and possible solutions

Practical Challenge Description

Possible Solutions

Resource definition, e How to define a grant-free resource?

allocation, and selection e How to allocate resources to users?

o CTU based resource; containing MA signature, pilots etc.
o Predefined/pre-allocated CTU or randomly selected.

e Random pilot and MA signature selection by MTCD.

o RACH-less random transmission.

UL synchronization

e Detection complexity/inefficiency of MUD.

e Large timing offsets cause synchronization issues.

o MTCD adjusts UL timing based on DL synchronization.
o Well-designed preambles.
e Proper CP length and/or symbol duration.

Blind detection

e How and based on what?

e eNB has no prior information of active MTCDs.

e Joint MTCD activity and data detection needed.

e Use of pilot symbols for activity detection and channel estimation.
e CTU design: may contain MCS and other MUD information.

e CS and ML based activity/data detection.

. e How to minimize collisions?
Collision management

e How to manage once a collision happens?

e Efficient MA signature design and increasing resource pool.
e Mixing multiple domains e.g., spreading and power.

e Efficient ACK/NACK feedback and retransmissions.

Link adaptation and e How to choose MCS?

power control e How to achieve power control?

o Different CTUs linked with different MCS and power values.

e Use DL channel estimation for choosing UL MCS, power, etc.

e How to know a failed transmission?
HARQ

e How to merge original and HARQ retransmissions?

e Distinguishing transmissions/retransmissions at eNB.

o Efficient design of ACK/NACK feedback to users.

e Retransmissions from a user with different pilot values.

IX. FUTURE DIRECTIONS

For scheduling based NOMA schemes, comprehensive
analysis of various MA signature (spreading, interleaving,
scrambling, multiple domains) based schemes exists in lit-
erature. However, for grant-free/contention-based UL NOMA
schemes, there is a need for further investigations, new de-
signs, and integration of multiple technologies to deal with
the challenges of different IoT use cases. In 3GPP RANI1
86th meeting, it was agreed that, parallel to new designs, the
following should be continuously studied [222].

« Resource allocation/selection options; a) randomly by
user, b) pre-configured by eNB.

e UL synchronization (DL synchronization assumed) by
considering two cases; timing offsets between users are
within or greater than CP.

o Collision handling of time/frequency resources and MA
signatures (e.g., code, sequence, interleaver pattern).

o Retransmission/repetition of failed transmissions and po-
tential combining, e.g. HARQ.

o Link adaptation, e.g. MCS/signature assigning.

o Relationship between grant-free and grant-based trans-
missions and associated user behavior.

« Advanced receiver capabilities and complexity analysis.

« Requirement for power control.

These study items are basically a continuity in pursuit of
solutions to the practical challenges explained earlier. In addi-
tion to these study items, other innovative options need to be
explored for facilitating/improving grant-free communication
for mMTC and other use cases. In this context, we discuss
some other future directions to improve the performance of
grant-free transmissions, as shown in Fig. 21]

A. A unified framework for loT use cases

Some major identified IoT use cases are eMBB (majorly
HTC), mMTC, and URLLC. Considering the coexistence of
these use cases with extremely diverse QoS requirements, a
unified framework is required, where each of these use cases
can be supported using a single backbone/core system. Some
potential directions to achieve these goals are highlighted in
Fig. 2] and are explained as follows.

1) Network slicing with grant-free UL NOMA: Considering
a variety of IoT use cases, and a diverse range of QoS
requirements, using the concepts of network slicing may
provide additional flexibility of resource allocation to different
use cases. The objective is to allow a physical mobile network
operator to partition its network resources to allow for very
different users, so-called tenants, to multiplex over a single
physical infrastructure. The most commonly cited example
in 5G discussions is sharing of a given physical network to
simultaneously run mMTC, eMBB, and URLLC. NOMA with
network slicing has been under focus recently.

In [223]], vital challenges of resource management pertain-
ing to network slicing using the NOMA-based scheme are
highlighted. In this context, efficient solutions for resource
management in network slicing for NOMA-based scheme are
provided. Moreover, a slice-based virtual resource scheduling
scheme with NOMA to enhance the QoS of the system is pro-
posed in [224]. While network slicing with NOMA has been
explored to some extent in the existing literature, these works
only focus on the scheduling based access. Therefore, in order
to provide a unified framework with grant-free/contention-
based transmission support, a desperate need of the hour is to
devise grant-free UL NOMA based solutions using network
slicing. An example scenario is further shown in Fig. 22]
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2) Resource pool partitioning for grant-free UL NOMA:
Similar to network slicing, depending on applications/services,
packet payload sizes from multiple users could be different.
To allow efficient resource use for different payload sizes
and reduce eNB receiver complexity, multiple NOMA sub-
regions can be defined within one NOMA resource pool, where
each NOMA sub-region may be tailored for one particular
MCS, transmission block size or coverage enhancement level
if supported for mMTC [225]]. Moreover, some OMA based
regions can be defined/reserved for priority use cases, as
shown in Fig. 23]

3) Switching between grant-free and grant-based: For a
unified network based operation, using dynamic grant to
override grant-free transmissions can enable switching be-
tween grant-based and grant-free transmission and provide
flexibility to the eNB scheduler for handling urgent events
or reconfiguring resources. For example, users may be able to
access different type of services, e.g., URLLC and eMBB, and
switching between grant-based and grant-free may be useful
in this context [212]].

B. Integration of grant-free UL NOMA with other technologies

The integration of scheduling based NOMA with other
technologies is supported through various studies. However,
when it comes to grant-free NOMA, there is hardly any such
integration found in the existing literature. The performance
of grant-free UL NOMA can be further improved by its
integration with other cutting edge technologies.

1) Relaying based grant-free UL NOMA: According to
the European telecommunications standards institute MTC
architecture, and developments by 3GPP on mMTC [6], [226]],
[227], three basic mMTC scenarios have been identified as
shown in Fig. 24] and are defined as:

e Direct Access: A MTCD can access the eNB without
any intermediate device, also referred to as a direct 3GPP
connection [227]. This is the simplest access method, but

may lead to traffic congestion and excessive signaling
overhead when number of MTCDs becomes very high.

o Gateway Access: A MTCD can obtain cellular connec-
tivity through a M2M gateway, which is a dedicated
device for data relaying between eNB and a group of
MTCDs, and does not generate its own traffic. This is
also termed as an indirect 3GPP connection [227]].

o Coordinator Access: A group/cluster of MTCDs obtain
cellular connectivity through a coordinator (temporary
M2M gateway), which itself is also a MTCD with its
own traffic.

Direct access is the point of focus in most of the existing
literature as it is simple, but may lead to worse traffic con-
gestion if the number of MTCDs is very high. Moreover,
gateway and coordinator access are also critical, as group
data transmission from a dedicated gateway or a temporary
coordinator may reduce the overall power consumption of
all the MTCDs and extend their service life, which is a
key goal in mMTC/IoT. Some additional complex access
scenarios might apply e.g., when a personal area network of
MTCDs (a person wearing several smart wearables) attempts
a gateway/coordinator access, or when the MTCDs and the
relay/coordinator belong to different subscribers [227]]. The
network should also aim to provide service continuity for
devices switching between various access types (e.g., gateway
to direct access or vice versa), their continuous authorization,
and flexibility of choosing a radio access technology (licensed
or unlicensed) [227].

The poor channel quality of some distant-from-eNB users
is also a reason behind the importance of gateway and coordi-
nator access. In this context, the relaying based access can be
further studied by considering half/full-duplex relaying mech-
anisms for grant-free UL NOMA transmissions. Furthermore,
as the relays normally operate in either decode-and-forward or
amplify-and-forward modes [228]], [229], their use in relaying
based grant-free UL NOMA can be further investigated.
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2) MIMO-NOMA': Scheduling based NOMA with multiple-
input multiple-output (MIMO) has gained significant research
interest recently, as MIMO provides an additional spatial
degree of freedom. MIMO can be applied either for enhancing
the reliability of data by introducing diversity, or enhancing the
per-user capacity through spatial multiplexing. Some works
on MIMO-NOMA are discussed in [230], [231]]. However,
the spatial diversity achieved through MIMO can also be
used in facilitating grant-free UL NOMA transmissions, where
the channel gains of different MIMO links can facilitate
user separation, as can be seen in spatial domain multiple
access (SDMA), where unique user-specific channel impulse
responses are used for user multiplexing.

3) NOMA with energy harvesting: 10T devices are power-
limited and maintaining a long life of these devices is of prime
importance. In this context, NOMA can be incorporated to
enable simultaneous wireless information and power transfer
(SWIPT). Through SWIPT-NOMA, the massive connectivity
is realizable, while providing energy harvesting opportunities
to the IoT devices for a long battery life. Some NOMA
based energy harvesting solutions are provided in [232]. While
all these works are focused on scheduling based NOMA
schemes where power split ratios or time slots for information
and energy transfer are predefined, the use of grant-free UL
NOMA needs to be studied.

mic Gateway

MTC E!

Fig. 24: mMTC access scenarios

C. New IoT use cases

Recently, some other use cases of IoT have also been iden-
tified/agreed e.g., vehicle-to-everything (V2X) and unmanned
aerial vehicle (UAV). Hence, the use of UL grant-free NOMA
should be considered for these scenarios.

1) NOMA for V2X: The LTE network has recently been
considered as a promising candidate to support V2X services.
However, with a massive number of devices accessing the
network, conventional OFDM-based LTE network faces con-
gestion and access delay issues due to inefficient orthogonal
resource allocation. Hence, the use of NOMA in supporting
cellular V2X services to achieve low latency and high relia-

bility is crucial [233]], [234].



2) NOMA for UAV: UAV-enabled DL/UL wireless system
wherein a UAV serves as flying BS to communicate with mul-
tiple ground users has gained much research interest recently.
On the other side, the scenarios where multiple flying UAVs
(as users) are connected to a ground-based BS are also equally
important. In this context, the use of NOMA can increase the
connectivity density manifold. Some recent investigations on
NOMA-based UAV communications are provided in [235].
However, these works focus on scheduling based NOMA, and
can be extended to grant-free UL transmissions.

X. CONCLUSION

It is agreed that 5G should support autonomous/grant-
free/contention-based UL transmission for mMTC. In this
context, unlike the existing works, this article provides a com-
prehensive survey of NOMA from a grant-free connectivity
perspective. Various candidate techniques for UL NOMA are
explained first with their categorization into different groups.
Furthermore, the design of these schemes to meet the grant-
free requirements is then discussed in detail. Some, existing
grant-free NOMA techniques are introduced alongwith the
mechanism of blind MUD at the receiver. Moreover, the
related research/practical challenges are comprehensively dis-
cussed and solutions are highlighted. In the end, some possible
future directions are also provided.
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