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ABSTRACT The machine-type communication (MTC) plays an essential role in the mobile network society
and it has demonstrated its effectiveness to generate significant revenues for mobile network operators. The
MTC has become the main communication paradigm for several emerging smart services, such as public
safety, health care, industrial automation, drones/robotics, utilities, and transportation. The MTC requires a
major model change to cope with the improvement in 5G and imposes various requirements on the enabling
technology, such as ultra-reliability, low latency, and availability. The scheme that fulfills such requirements
are called a mission-critical MTC (mcMTC). However, the mcMTC is still in the early-standardization phase
of 5G new radio and it needs a lot of research efforts to be improved. This paper presents an extensive review
and evaluations to highlight diverse challenges and future aspects of mcMTC on 5G-enabling technologies.
A number of research opportunities from both academic communities and industrial partners are given as

examples for encouragement purposes.

INDEX TERMS Machine-type communication, mission-critical MTC (mcMTC), MTC, URLLC, 5G, M2M.

I. INTRODUCTION

The focus of cellular communication has been histori-
cally engineered on human-centric communication, which
typically provides some form of information to people
from network-hosted servers, such as mobile Internet ser-
vices or video streaming. Hence, the 5G is expected to play
a central role in Machine-Type Communications (MTC) and
Human-to-Human (H2H) communications. MTC has been
formed by 3rd Generation Partnership Project (3GPP) and it
is characterized by entirely automatic data generation, actua-
tion, processing, and exchange between intelligent machines,
with or without low intervention of humans [1]. MTC, often
termed Machine to Machine (M2M), starts to play an increas-
ing role in cellular networks and the efforts have been put
in the latest Long-Term Evolution (LTE) releases to address
MTC requirements [2] i.e., wireless system to a larger extent,
will be used in the context of MTC [3]. As a result of the
rapid development of embedded devices, MTC is becoming
the dominant communication paradigm for various emerging
smart services including industrial automation, public safety,
health-care, utilities, transportation, smart metering, remote
manufacturing, and numerous other applications [4], [5], [6]

while mobile devices communication among humans still
exists. Unlike H2H telecommunication, in which messages,
voices, and videos are transmitted, most MTC devices trans-
mit only a small amount of data. A great deal of efforts has
been dedicated in Telecommunications industry to realize
high-capacity and high-throughput infrastructure. However,
supporting small data communications for MTC subscribers
has been neglected.

The MTC in context of 5G promises huge market growth
with an expectation to support connectivity of at least
100 billion devices with the connection speed of 10 Gigabits
per second (Gb/s). Furthermore, to provide a zero-distance
connectivity between people and connected machines with
extremely low latency and response times [7]. In addition,
enhanced mobile Internet services will improve consumers
experience and guarantee profits for operators. MTC will
also drive economic and societal growth to entirely new
diversities. Thus, the emerging Industrial Internet promises a
surpassing transformation of global industry, with a targeted
economic boost that is more than $19 trillion within the next
decade [4]. Deployment of these networks is expected to be
emerged between 2020 and 2030.
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The continuing growth in demand for cellular-based MTC
from 2014 to 2019 motivates initiatives in the industry,
mobile networks operators, academic communities, and stan-
dardization bodies to investigate evolutionary and revo-
lutionary radio access technologies to make MTC traffic
accommodate 5G. For instance, the European Union has
formed an official project called ‘“Mobile and wireless com-
munications Enablers for the Twenty-twenty Information
Society (METIS)” for joining 5G research and standard
promotion [8]. The Chinese government established an offi-
cial promotion group called “International Mobile Telecom-
munications Twenty-Twenty” (IMT2020), whose main role
is to establish the foundation of 5G mobile and wireless
communications system. In addition, manufacturing com-
panies have invested potential research projects to partici-
pate to the foundation of 5G communications and to enable
mission-critical applications. Some of these industrial part-
ners are: Ericsson [9], [10], [11] Huawei [12], SGNOW [13],
3GPP [1], NOKIA [14], FuTURE Forum of China, 5SGPPP
of Europe Union, ADWICS of Japan, 5G forum of
Korea, 5G Novel Radio Multiservice adaptive network
Architecture (5G NORMA) [15], T-Mobile and others [16].
URLLC2017 conference gathered more than ten commercial
and industrial companies [17]. Figure 2 lists most of the
industrial companies involved in industrial-leading demos,
simulations, testing, and trials on the path to commercializa-
tion of 5G.

Although, MTC has extensive potentials to accompany
improvements for both lifestyle and business, MTC is con-
fronting several unsolved technical challenges that differ
from those in H2H communications, which are related to
massive connectivity, latency, reliability, availability, energy
efficiency, heterogeneous devices, limited spectrum, hard-
ware miniaturization, security and privacy [13]. In essence,
Mission-critical applications require very low latency,
ultra-high reliability, and high availability communications
i.e. mission-critical MTC (mcMTC) [6]. Unfortunately, all
current mission-critical applications use wired networks
because no current wireless networks can meet their mcMTC
requirement [18].

To the best of our knowledge, no work has been done
yet to combine all these requirements into a theoretical
framework, although the foundation has been provided in
Polyanskiy work [19]. Moreover, it is not possible to satisfy
these mcMTC relentless requirements with a small modifi-
cation of current radio access technology [20]. Hence, This
study investigates how next generation of cellular networks
must be designed in order to cater to this type of traffic.
Also, to study the flexibility options of mcMTC to support
its various use cases which have different requirements for
connectivity in terms of reliability, latency, and availability.
Furthermore, it is important to explore the 5G multiplexing
of mcMTC services without contradicting with other operat-
ing modes which are enhanced Mobile Broadband (eMBB)
and massive Machine-Type Communications (mMTC).
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Other challenges aside from these three mcMTC require-
ments such as low power consumption and expected security
level of the network are also interesting, but are often irrele-
vant for mcMTC [6] and are not covered in this review.

This paper presents a critical review of mcMTC require-
ments and challenges in the context of 5G wireless tech-
nology. It first presents the 5G operating regions and the
existing MTC access methods; then it explains in detail the
key requirements of mcMTC applications/services. Finally,
it provides an extensive review on enabling technologies
towards providing mcMTC for critical-mission applications.
It shows the vision of different companies, organizations, and
researchers who are pioneers in this field of study focusing
on mcMTC and the proposed solutions for its requirements
towards 5G. Eventually, this paper aims to outline and ana-
lyze the involved technical issues, to review recent advances,
and to bring the state-of-the-art of mcMTC solutions along
with future research directions.

The rest of this review paper is organized as follows.
Section II presents the three 5G service regions. MTC access
methods are presented in section III. Section IV discusses
the key requirements of mcMTC. Enabling technologies
of mcMTC which includes air interface and multiplexing
schemes, network architecture, packet and frame structure,
control channel design, communication diversity, proactive
packet drop, and coding and modulation are discussed in
section V. Finally, conclusion and future work are drawn
in section VI. The organization of the paper is illustrated
in Figurel, while the acronyms used in this paper are listed
in Tablel.

Il. 5G WIRELESS OPERATING REGIONS

The evolution of cellular wireless systems in the last three
decades from 2G to the current LTE-Advanced (LTE-A) has
been dedicated to offer the users connectivity with a higher
demand of data rates. 5G features at least two new operating
modes mMTC and mcMTC and increasing the speed of exist-
ing operating mode enhanced Mobile Broadband (eMBB).
These two new operating modes and the existing mode have
been described in [3] and [21] as the three generic 5G ser-
vices (i.e. eMBB, mMTC, and mcMTC). Among these three
generic 5G services, mcMTC is expected to be a technology
driver of 5G [22], [23]. In contrast to the other services,
mcMTC refers to the services that provide a very high reli-
ability and a very low latency as well as ubiquitous commu-
nication to support mcMTC applications, on which service
failures have severe consequences. Table 3 summarizes the
key features and the main requirements of these three 5G
operating regions.

A. EMBB

eMBB initially becomes an extension to existing 4G services
and therefore it is the first 5G service which evolved in
the 3GPP Release 15 standards in June 2018. The standard
was approved in December 2017 and already standardized
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FIGURE 2. Industrial partners participated in 5G development and
ecosystem collaborations on the path to commercialization.

in 3GPP release 15 which could be commercially available
as early as 2019. Ericsson estimates that there will be one
billion 5G subscriptions for eMBB globally by 2023 [24],
with Asia and North America likely to be the first adopters.
However, 5G Phase 2 will go beyond eMBB services to more
transformational mMTC and mcMTC applications and will
be included in Release 16, which is due to be completed at
the end of 2019.
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B. MMTC

mMTC refers to services, in which there is an enormous
amount of sensors and actuators to control an environment
with simple, scalable and energy efficient communication
supporting massive number of devices in some areas. More-
over, nMTC devices required to remain very simple and can
operate on batteries for many years. mMTC data transferred
per device are typically infrequent and are accompanied by
relaxed delay requirements. mMTC already emerges as an
extension of the 4G LTE systems and becomes in the scope
of current standardization of 3GPP and IEEE.

C. MCMTC

mcMTC is having the most crucial challenges towards mak-
ing itaccommodates SG. mcMTC is also called Ultra Reliable
Low Latency Communications (URLLC), but we prefer in
this review to use mcMTC which is relevant to real-time
control and automation of dynamic processes in automated
cyber-physical systems, such as industrial process control.
mcMTC is still in the early-standardization phase of 5G
New Radio (NR) and is expected to be standardized on the

VOLUME 7, 2019



N. A. Mohammed et al.: mcMTC: An Overview and Perspectives Toward 5G

IEEE Access

TABLE 1. List of Acronyms and Abbreviations.

[ Acronym | Description

| Acronym | Description

3GPP 3rd Generation Partnership Project

4G 4t generation of cellular mobile communications MAC
5G The fifth generation of cellular mobile communications mcMTC
SGNOW 5th Generation Non-Orthogonal Waveforms MCS
ACK Acknowledgment MEC
AEI Estimation and Indication METIS
ARQ Automatic Repeat-Request mMTC
BER Bit Error Rate mmWave
BLER Block Error Rate MTC
BS Base Station NACK
CpP Cyclic-Prefix NFV
CP-OFDM  Cyclic-Prefix Orthogonal Frequency-Division Multiplexing NOMA
CQI Channel Quality Indicator NR
CRC Cyclic Redundancy Check OFDM
CS Compressed Sensing OFDMA
CSI Channel State Information OSI
D2D Device-to-Device OSTBC
DL Downlink PHY
E2E End-to-End QoS
eMBB enhanced Mobile Broadband RAN
FDD Frequency Division Duplex RSC
FEC Forward Error Correction RTL
F-OFDM Filtered-OFDM RTT
GFDM Generalized Frequency-Division Multiplexing SCS
GSM Global System for Mobile Communications SDN
H2H Human-to-Human SERCOS
HARQ Hybrid automatic repeat-request SINR
HTC Human-type Communications TBC
IMT2020 International Mobile Telecommunications Twenty-Twenty TDD
KPI key performance indicator TTI
LDPC Low-Density Parity-Check UE
LTE Long-Term Evolution wireless communications UL
LTE-A LTE-Advanced URLLC

Machine to Machine

Medium Access Control

Mission-Critical Machine-Type Communications
Modulation Coding Scheme

Mobile Edge Cloud

Mobile and Wireless Communications Enablers for Twenty-Twenty (2020) Information Society

Massive Machine-Type Communications
millimeter-wave

Machine-Type Communications
Negative-Acknowledgment

Network Functions Virtualization
Nonorthogonal Multiple Access

New Radio

Orthogonal Frequency-Division Multiplexing
Orthogonal Frequency-Division Multiple Access
Open Systems Interconnection

Orthogonal space-time block coding

Physical Layer

Quality of Service

Radio Access Network

Reliable Service Composition

Reliable Transmission Link

Round-Trip Time

Subcarrier Spacing

Software Defined Networking

Serial Real-time Communication System
Signal-to-Interference and Noise Ratio

Time Block Coding

Time division duplex

Transmit Time Interval

User Equipment

Uplink

Ultra Reliable Low Latency Communications Equipment

late of 2019, poses a lot of research problems that remain
unsolved. This is due to the fact that mcMTC require com-
munications with a very high reliability, high availability, and
small latency going down to millisecond level [6], [9], [25].

Ill. MTC ACCESS METHODS

The connection of MTC devices to the network infrastruc-
ture could be either wireless or wired (i.e., cable, xDSL,
and optical). Wired transmission technologies, such as Field-
bus and Ethernet-based systems, have dominated factories
automation because of their reliability, fast response time and
availability. However, the interest in employing wireless com-
munications has grown recently to use the MTC connectivity
for real-time applications, such as factory automation and
process control in industrial networks [26], [27].

The third Generation of the Serial Real-time Communi-
cation System (SERCOS-III) interface is the international
standard on the third generation open digital interface, which
provides an openness, compatibility, high speed, and reli-
able real-time data communication among the controller and
actuators [18]. SERCOS-III has been designed to provide
reliable Media Access Control (MAC) sublayer schemes and
to guarantee a certain level of performance (i.e. Latency 4ms,
Reliability: 1078 — 10710, and Availability 100% [18], [28]).
For the sake of supporting critical mission services, Sercos-1I1
uses the speed of fast Ethernet (i.e. IEEE 802.3 100 Mbit/s
baseband) and supports full duplex Physical (PHY) layer
entities. In addition, it uses Cyclic Redundancy Check (CRC)
codes to detect errors in the packet and Automatic Repeat
reQuest (ARQ) policy to correct errors which improve the
reliability of the service. Moreover, SERCOS-III supports
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for either line or ring topologies which improves fault toler-
ance (i.e. availability) by supporting redundant data transfer.
In case of a break at any point in the ring, the SERCOS-III
protocol automatically switches over to a dual-line structure.
However, latency is not much more affected by recovery,
which occurs in 25 ws.

Although the wired solution can provide reliability, high
rates and a very high response time, it is not suitable for
mcMTC applications due to its expensive cost, lack of scal-
ability and mobility. Alternatively, wireless access meth-
ods can be either cellular (i.e. LTE-A, GPRS, 3G, and
WiMAX) or capillary (i.e., WLAN, IEEE 802.15.4x, and
ZigBee). The wireless capillary solution, commonly used
for shared short-range links, is generally cost-effective, low
power, and scalable. It also allows more detailed monitoring
than in wired communications, which would be economically
more viable. However, it is not applicable to mcMTC appli-
cations due to the lack of coverage, low rate, weak security,
and interference problem. On the other hand, the wireless
cellular solution is promising to be as an infrastructure-based
solution for the mcMTC applications due to its ability to
provide ubiquitous coverage, mobility, roaming, and security
solutions.

IV. THE KEY REQUIREMENTS OF MCMTC

Historically, wireless networks have not been designed to
satisfy the mcMTC applications/services [11], while most of
the efforts have been dedicated to offer the users connectiv-
ity with a higher demand for data rates. For example, LTE
networks can perform a reliability rate of nearly 1072 [29],
while the end-to-end (E2E) latency is approximately few
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FIGURE 3. Summary of the three regions of 5G systems based on IMT2020, 3GPP key performance indicators (KPIs), and Qualcomm

report 2018.

TABLE 2. Comparison of the mcMTC requirements over SERCOS-III wired
network, LTE-A, and 5G.

Requirement| (Sercos-IIT) LTE-A 5G
Latency 4ms [18] ~ Sms [33], | < 1ms[35],[3]
[34]
Reliability 10719 t0 10712 | 1072 [35], [30], | 107 to 107°
(18], [28] [36] [35]
Availability | 100% [18] 1072 [37] 107 to 10712
[4]

milliseconds [30]. For flexible requirements of latency, LTE
can perform satisfied reliability via re-transmissions at differ-
ent protocol layers. However, accomplishing a high reliability
while satisfying a very-low latency presents a new challenge
for the NR deployment. The key requirements of mcMTC can
be considered as the ultra-high reliability, ultra-low latency
and availability [6], [31], [32]. Table 2 presents a compar-
ison of the mcMTC requirements in wired, LTE-A, and
5G networks.

In mecMTC, the required levels of reliability, latency, and
availability vary according to the selected use case and appli-
cation. Therefore, the NR air interface and system design
should be scalable enough to efficiently use the available net-
work resources. Figure 4 depicts the diversity of latency and
reliability requirements for different mcMTC use cases and
applications. For mcMTC services, the levels of availability
are required to be on the order of 1078 to 10~'? and the packet
loss probability has to be on the scale of 1073 to 1072 [35],
while the latency has to go down to millisecond level [9], [7].
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The International Telecommunication Union (ITU) has set a
target to achieve a 1ms Round-Trip Time (RTT) over-the-air
communication for a single transmission [3]. This includes
transmission of the payload until the corresponding acknowl-
edgment is received.

To the best of our knowledge, no work has been done yet
to combine reliability, latency, and availability into a theoret-
ical framework, although the foundation has been provided
in Polyanskiy work [19]. Also, no wireless communication
systems have been proposed for systems considering mcMTC
requirements of reaching 1ms of latency with tens to hundreds
of nodes and reliability constraint less than 107°.
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A. ULTRA-RELIABILITY

Reliability denotes to the capability of guaranteeing success-
ful message transmissions from one peer to another within a
given latency bound [9], [38].

The work presented in [39], the reliability is separated into
two parts: link reliability and system reliability. They have
defined the link reliability as the data that can be transmitted
successfully within a given time frame, while system relia-
bility is defined as when a system can precisely indicate the
absence of link reliability and ensure the presence of link
reliability when required by the application.

Reliable communication has been well-studied as a
fundamental problem in the information theory. Shannon’s
landmark theoretical study shows that the possibility of com-
munication with vanishing probability of error is at non-zero
rates [40]. Reliability has been studied as well from the net-
working perspective to complement the techniques used at
PHY layer. The reliability problem is a challenge in MTC
context without human assistance, due to long distance trans-
missions, intermediate routing, and wireless tampering and
sniffing. However, the MTC requirements differ for various
types of services [9].

The most recent 4G systems can achieve a reliability of
approximately 1072 and measure as Typical Block Error
Rate (BLER) [13], while the performance requirements of
mcMTC services should be much better than this, and in fact,
mcMTC in 5G services require reliability at least 107> BLER
within 1 ms of latency period [41], [42]. In respect of mcMTC
services, the target BLER vary from 107 to 10~°. However,
according to the work conducted in [13], the targeted relia-
bility requirement of 5G will be 10~° residual BLER within
the latency bound. Reliability measurement (BLER) can be
formulated as:

BLER < 1077 (1)
BLER is a function of Bit Error Rate (BER) given as:
BLER =1 — (1 — BER)N ,BER = 1 — (1 — BLER)'/" (2)

where N is the number of bits in the block. From equation 2,
it can be clearly observed that the bigger block will lead to
higher BLER. Therefore, it is recommended to use short code
block to support providing ultra-reliable mcMTC services.

5G tends to provide more dynamic solutions to increase
the reliability instead of providing solutions to increase the
bandwidth as in LTE. For instance, a selective blanking of
the strongest interferers during retransmissions could signif-
icantly boost the success probability.

Considering a different level of reliability for different
mcMTC services, we need a way, in which a specific commu-
nication service is composed. As suggested by [39], it is not
necessary to fail the service whenever the reliability require-
ment is not fulfilled. Therefore, Reliable Service Compo-
sition (RSC) should offer a specific level of functionality
when it is not possible to meet the full functionality. The
key issue of making RSC operational in the case of MTC
is by providing a reliable criteria for detecting the service
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level that the system should apply at a given time. The design
of data/metadata for every service level should be integrated
into an overall protocol, which could flexibly switch between
modes as dictated by the dynamic conditions [38]. In sum-
mary, the implementation of RSC relies on a careful con-
sideration of the requirements set by the application and the
availability indicator that the communication layer provides
to the application layer.
Most relevant mcMTC reliability enablers are listed below
and are discussed further in section V:
1) Waveform selection
2) Multiplexing scheme
3) Channel estimation accuracy improvement.
4) Redesign the resource allocation at MAC layer
5) Channel coding schemes.
6) Frame structures and short TTI
7) Network architecture including network
caching, CloudRAN, and edge computing.
8) Antenna, space, and frequency diversity schemes
9) Supporting the prompt transmission of mcMTC pack-
ets by following multiplexing approach giving the
priority to mcMTC packets over eMBB and mMTC
packets.
10) Using Hybrid-ARQ (HARQ) on the MAC layer and
erasure coding coupled with ARQ on the upper layers.

slicing,

B. ULTRA-LOW LATENCY

Latency refers to the time delay between the time at which
data is generated and transmitted from one device, and
the time at which the same data is correctly received by
another device. According to 3GPP, latency in the network
can be classified into control plane latency and user plane
latency [43].

o User plane latency also known as transport delay is
defined as the one-way time it takes to successfully
deliver an application layer packet/message from the
radio protocol layer ingress point to the radio protocol
ingress point of the radio interface, in either Uplink (UL)
or Downlink (DL) in the network for a given service in
unloaded conditions, assuming the mobile station is in
the active state.

« Control plane latency is defined as the transition time
from a most ‘“‘battery efficient” state (e.g., idle state) to
the start of continuous data transfer (e.g. active state).
The minimum requirements for user plane latency are
4 ms for eMBB and 1 ms for mcMTC assuming a single
user while the minimum requirement for control plane
latency is 20 ms [43]. Proponents are encouraged to
consider lower control plane latency, e.g. 10 ms [44].
This requirement is defined for the purpose of evaluation
in the eMBB and mcMTC usage scenarios.

5G community generally considers the network latency

as one of the key requirements for future wireless networks
enabling new applications by means of E2E latency that goes
down to the millisecond level. Such latency cannot be per-
formed by the current 4G technology. In this regard, we need
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drastic changes in network architecture including core and
Radio Access Network (RAN) for achieving E2E latency on
the order of 1 ms [S5]. The current latency in LTE-A is about
Sms [33], [34]. Therefore, it is expected that the latency target
for a new 5G radio access technology is going to be up to five
times lower than compared with the latency of 4G networks
(i.e. less or equal to Ims). Researchers are wondering if the
Ims latency target will actually become a part of the 5G
standard due to the restriction of fundamental laws of physics,
such as the speed of light, the intrinsic properties of the fiber
optics in which the light propagation within fiber optics is
slower compared with the light propagation within vacuum.

E2E latency 77, is the time which includes the follow-
ing components: processing time on the transmitter/receiver
devices Tpye, over-the-air transmission delay in one way
Tirans, and the network processing time Tyesproc (1.€. the base
station (BS) and control server) [45]. Taking 1ms E2E latency
T, for instance, the distribution of the latency over various
components can be as follows: 300us for 7)., 200us for
Tirans in both sides, and 500us for Themproc-

TL = Tproc + 2Ttrans + Tnetpmc

Tp < 1ms

The processing latency, including the processing in the
device Ty and the processing in the network Tpemproc,
includes time for receiving data symbols, acquiring chan-
nel information, extracting control (scheduling) informa-
tion, decoding data packet, and checking the existence of
error [20]. Another elementary delay component is the Trans-
mit Time Interval (TTI), defined as the minimum data block
length, which is involved in each transmission of grant, data,
and retransmission due to errors detected in higher layer
protocols. Figure 5 assumes that every 100 bit packet must
be transmitted within a 1ms E2E latency budget, as aimed
to 100us for over-the-air transmission time that corresponds
to 10% of the E2E latency budget [21]. However, the work
presented in [7] suggests that 71, < 1 ms to support mcMTC.

aeengE) —
Sensor %

) i \___100ms ]
& 0 Receiver 100 ms

‘ Network

Actuator

100 ms
per direction
End-to-end latency -300 ms

- 500
distribution m

Air interface

<>
Device processing Network processing

FIGURE 5. Distribution of the E2E latency assuming a 100y air interface
delay [45].

mcMTC services with ultra-low latency mostly transport
very short control and command messages with the size of
KBytes and Bytes and these messages are to be delivered
very frequently. However, there are a few key reasons causing
delay in RAN which are basically related to the following:
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1) The packet retransmissions caused by channel errors

and congestion.

2) The Link establishment caused by grant acquisition and

random access [6].

3) Packet processing and queuing delay.

4) Channel coding delay.

Therefore, it requires careful redesign of PHY and MAC
layers to overcome these reasons. A clean slate redesign
includes:

« Requirement latency can be addressed based on 3GPP,
by removing the retransmission by having early channel
estimation and on-the-fly decoding [6].

o Network architecture including CloudRAN and new
entities such as Software Defined Networking (SDN),
Network Functions Virtualization (NFV), Mobile Edge
Cloud (MEC), and fog network along with new backhaul
based solutions.

o Caching solutions including caching placement, con-
tent delivery, centralized caching, and distributed
caching [5], [46].

« Minimizing system overhead, as an example, procedures
for user scheduling, channel training, and resource allo-
cation have to be combined or removed [20].

« Since the packet re-transmission mechanism degrades
the latency, the probability of packet error of the first
transmission has to be reduced significantly.

o To avoid queuing delays at the radio transmitter the
MAC layer should be designed to enable immediate
access. This can be achieved by providing instant-access
resource allocations dimensioned (i.e. real-time resource
allocation) to minimize collision risks.

« Maintaining multiple connectivity links simultaneously
can provide diversity and redundancy to address such
stringent requirements [47].

« Reducing TTIs and widening the bandwidth of radio
resource blocks to lower the latency over the radio
link. This can be achieved by using fewer OFDM sym-
bols per TTI and shortening OFDM symbols via wider
Subcarrier Spacing (SCS) as well as lowering HARQ
RTT [35].

o mcMTC packet should be transmitted immediately with-
out delay by following a multiplexing mechanism giving
the priority to mcMTC packets.

« For some use cases, low-latency communications are
required between devices in close proximity. In this case,
a direct D2D communication link can help in providing
low-latency transmission [47].

« Reducing queuing time by using fewer OFDM symbol
duration causing an increase of the SCS and hence fewer
resource blocks are available in the frequency domain.
This shortcoming can be alleviated using grant-free
transmission in the UL. On the DL, longer TTI is needed
at high offered loads to cope with non-negligible queu-
ing delays [48].

« Provide a new/modified frame or packet structure, wave-
form designs, and multiple access techniques.
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e Modulation and coding schemes to reduce processing
delays.

« Control channels enhancements.

o Other enabling techniques including modifying the
spacing of the sub-carrier, providing low latency symbol
detection, and mmWave aggregation.

Recently, various low-latency transmission protocols
have been suggested, such as grant-free, one-shot, and
feedback-less protocols [20]. These are proposed to reduce
the latency caused by the control signaling.

The work conducted in [46] demonstrates the first wire-
less broadband communication system which can achieve
an E2E latency below 1ms and 20MHz bandwidth between
two endpoints over the air. The system is introduced based
on the PHY and MAC signal processing algorithms, which
are implemented on a multi-core demand-side platform
with a flexible software-defined radio toolkit. The demon-
stration shows a transmission of real data packets while
evaluating E2E latency probes at the same time. How-
ever, the demonstration does not mention how to cope up
achieved latency with ultra-reliability needed for mcMTC
systems.

In [5], a comprehensive survey is provided for low-latency
solutions in the context of 5G from three different perspec-
tives: Core network solutions, RAN solutions, and Caching
solutions. However, the study does not provide a detailed
comparison of these solutions.

Lower latency concern took up its attention of 3GPP
Release 15 by introducing two enhancements over LTE-A.
The first is related to providing a shorter TTI. Traditional LTE
TTIis 14 symbols which is 1ms scheduling interval. However,
with TTI, both 7 symbols (0.5 ms) as well as 2 symbols
(0.142 ms), scheduling interval is supported. The second is
by reducing processing time by making the terminal respond
to DL data and UL grants in 3ms instead of 4ms.

C. AVAILABILITY

Availability refers to the system endurance against possible
outage scenarios. An mcMTC service should get a prompt
response from the wireless medium to transmit the mcMTC
packets immediately within a given time frame in the schedul-
ing period (i.e., reserved resources for the mMTC and eMBB
services have to be used for the mcMTC service). Based
on the definition of reliability provided in [39], reliability
requires a Reliable Transmission Link (RTL). An Availabil-
ity Estimation and Indication (AEI) mechanism has been
proposed in [39]. This mechanism could predict the avail-
ability of RTL under certain conditions. The procedure is
summarized as follows: the application sends an availability
request to the AEI; then, the AEI evaluates the Signal-to-
Interference and Noise Ratio (SINR) and/or the Acknowl-
edgment (ACKN)/Negative-ACKN (NACK) statistics of the
retransmission protocols used at the link level. After that,
the AEI provides an availability indicator for the application
based on the original requirements of the availability request.
However, this is at the cost of reducing the availability
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of RTL. Using retransmission improves the RTL but at the
cost of increasing the latency.

The authors in [4] explain the need to offer an availabil-
ity about 10~ toward the next generation mcMTC sys-
tems, to control the probabilities of the underlying rare
events. However, enhancing coverage is an essential issue
for the deployment of a wireless mcMTC, in which devices
and machines are installed in difficult locations. There are
many solutions to enhance coverage, such as leveraging
protection and redundancy capabilities which already have
been deployed in most service provider networks, such as
G.8032 Ethernet rings. In addition, enhanced availability can
be gained by using repetition or sub-frame bundling, retrans-
mission using HARQ and many others.

V. MCMTC ENABLING TECHNOLOGIES

The key performance requirements of mcMTC discussed
above affect the design choices of every component in the
communication link and the optimization process within
the whole protocol stack. Thus, for enabling these require-
ments, the entire system needs to be redesigned; an advanced
channel estimation technique, restructuring packets, frames,
backhaul, storage, advanced error control coding, control
signaling and corresponding multiplexing scheme must be
deployed, and an advanced scheme for channel coding that is
suitable for the short packet transmission should be used [20].
In addition, both the data and control planes may require
significant enhancements and new technical solutions can be
given from both the radio interface and network architecture
aspects. These fundamental design changes promise bene-
fits that contribute to realizing higher reliability, reducing
latency, and improving availability [3], [13]. Below, we are
going to review the enabling technologies of mcMTC towards
5G, such as air-interface waveforms, network architecture,
frame structure, control channel design, spatial diversity,
proactive packet drop, and coding schemes. Figure 6 depicts
the mcMTC key requirements and its main enablers. X-axis
denotes latency in ms while Y-axis denotes reliability from
107! to 0 BLER. It shows that the ultra-reliable communi-
cations have a restrict condition in reliability between 10~ 12
and 1078, while they have a release latency condition goes
to 100ms. In contrast, low-latency communications have a
restrict condition in latency between 0.1ms and 1ms, while
they have a release condition in reliability goes to less than
10~2 BLER. However, the mcMTC requires restrict condi-
tions in both latency and reliability which go from 0.1 to 1 ms
and from 1012 to 10~ BLER, respectively.

A. AIR INTERFACE ENABLING TECHNOLOGIES

It is not possible to fulfill the challenging requirements of
mcMTC with minor modifications of recent radio access
technologies. For that, a new air interface is required to be
designed in 5G to deal with heterogeneous traffic types and
to fulfill mcMTC key requirements. These requirements may
vary depending on the selected use case and application.
Therefore, the new air interface and system design should
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TABLE 3. Differences between LTE and 5G NR with respect to PHY layer and different channels used in these standards.

frame

Specification LTE 5G
Frame Structure

Radio Frame Duration 10ms 10ms
Number of subframes ina | 10 10

Number of slots in a frame | 20 ( Ims)

20 (each 1ms )

Number of symbols per
slot

7 symbols for normal CP, 6 symbols for extended CP

14 symbols for normal CP, 12 symbols for extended CP 2, 4
and 7 symbols for mini-slots

Symbol duration

32.552 ns for Subcarrier Spacing (SCS) of 15 KHz and
N pr of 2048; FFT is a Fast Fourier Transform

0.509 ns for SCS of 480 KHz and N g1 of 4096

FFT Size 2048 4096 for 240 KHz SCS; 8192 for 480 KHz SCS
Resource Blocks 100 (maximum) 100 or more

Frequency domain

Carrier Aggregation 5 (Rel. 10); 32 (Rel. 12) 16

SCS Fixed: 15 KHz

Variable: 2" - 15 KHz (Where, n = -2,0,1,....,5)

Carrier bandwidth 14,3,5,10, 15,20 MHz

Variable, maximum per CC is 400 MHz

Frequency bands Under 6 GHz

Up to 100 GHz

Beamforming Applicable to certain transmission modes With and without DL/UL reciprocity
Modulation Up to 256 QAM QPSK, 16 QAM, 64 QAM, and 256 QAM
MIMO Up to 8x8 Up to 8x8

Channel coding scheme Turbo coding for data

NR Polar codes (control); NR LDPC (data)

PHY layer waveforms DL: CP-OFDM, UL: DFT-S-OFDM

DL: CP-OFDM, UL: CP-OFDM or DFT-S-OFDM

CP type Normal CP, Extended CP Normal CP for all SCS extended CP is supported for 60 KHz
SCS
Channel coding for vari- | PBCH/PDCCH: TBCC PDSCH/PUSCH: Turbo Code | PBCH/PDCCH/PUCCH: Polar code PDSCH/PUSCH:
ous channels PUCCH: RM Block Code LDPC
HARQ TTI FDD: 9ms, TDD: 8ms 0.25 to 16 ms
UE Bandwidth Adaptation | Not allowed Allowed
Reliability (1-10%) has to add entirely new features providing a customized con-
nection to any device from different smart devices platforms
21 and bring the backward compatibility. The early features of
this NR already standardized by 3GPP in July 2018 and the
1 Law-Latency complete collection of features are to be finalized by the year
CRTTEEY 2020 (IMT2020) [20].
1 Several features are specific to NR in comparison with LTE
| shown in Table 3. These include mcMTC features, the broad
} ENABLERS — range of carrier frequencies, several deployment options,
*Waveform & Multiplixing mcMTC Ultra-Reliable Communication Conflguratlon m.echamsms, such as fle).uble waveform .amd
* Short TTI Latency (ms) protocols, adaptive frame structure, coding and modulation,
* Spatial diversity - T . . . .
* Network sicing 04 1 10 100 multiple access schemes, and various use cases which is

* Frame structure
*Caching & edge computing
* Coding and modulation

FIGURE 6. The key requirements of mcMTC and its main enablers.

be scalable enough to efficiently use the available network
resources. To address the key requirements discussed above,
several designs have been introduced for 5G air interface.
The 3GPP technical support presented in [49] shows that
the NR access technology has been defined which in general
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either machine-centric or human-centric and beyond eMBB.
In addition, NR should support dynamic resource sharing
between different latency and reliability requirements for
both eMBB and mcMTC in downlink. However, the dynamic
resource sharing between mcMTC and eMBB is supported by
transmitting mcMTC scheduled traffic where mcMTC trans-
mission may occur in resources scheduled for ongoing eMBB
traffic. Downlink dynamic resources sharing between eMBB
and mcMTC is enabled without pre-emption by schedul-
ing the eMBB and mcMTC services on non-overlapping
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FIGURE 7. 5G Radio Access Vision [51].

time/frequency resources [50]. As shown in Figure 7, NR and
LTE are integral parts of 5G radio access. LTE is predicted to
function below 6 GHz frequencies, while NR is expected to
function from sub-1 GHz up to 100 GHz. The aggregation of
NR and LTE traffic shall be enabled by tight integrations [51].

Huawei proposed that NR should be built upon
software-defined flexible air interface and radio access
virtualization [12]. In terms of air interface, it should be
optimized in a specific way supporting various mcMTC
use cases of applications without contradiction with other
operating modes (i.e. eMBB and mMTC). In terms of
virtualization of radio access, it encloses coordination and
self-organization algorithms, which employ the protocols,
features, and interfaces evading the limitations of the geo-
graphic “cell”” construct.

To reach 5G era, the community of mobile communica-
tions has witnessed plentiful waveform proposals for NR and
has come to the fact that there is no waveform that introduces
all the required advantages. Several waveform proposals have
been presented and the trend has been to tweaking Orthogonal
Frequency-Division Multiplexing (OFDM) in any possible
way, such as pulse shaping, wise filtering of sub-carriers, fil-
tering of groups of sub-carriers, dropping cyclic-Prefix (CP),
replacing CP with nulls or with other sequences, and allowing
successive symbols to overlap in time. Even though OFDM
has many advantages and it has been a great success, there
exist several ideas for new 5G waveforms, which could add
other advantages to the new cellular system under specific
circumstances and conditions. However, multi-carrier wave-
forms are either variations of CP-OFDM (e.g., Unique Word
OFDM, Pulse Shaped OFDM, Windowed-OFDM, Univer-
sally Filtered-OFDM, Filtered-OFDM) or super cases of
OFDM (e.g., OFDM becomes a specialized case of a more
complicated waveform, such as Filter-Bank Multi-Carrier
waveforms). In addition to these discussed waveforms, others
are being considered to be used with 5G. OFDM is considered
as a baseline for up to 30 GHz. Unfortunately, a major draw-
back of OFDM systems is their large peak to average power
ratio (PAPR) [52].
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1) CP-OFDM

Ericsson’s researchers have performed a thorough assess-
ment of waveforms. They have chosen an OFDM based
air interface in which inter-symbol interference can be kept
minimal by setting CP-OFDM symbol longer than the chan-
nel delay spread. They have chosen the CP-OFDM as the
most appropriate candidate for NR for many reasons listed
in [51]. Two drawbacks exist in OFDM similar to all other
multi-carrier waveforms which are high PAPR and less
frequency localization. However, there are simple tech-
niques that are well-established to improve frequency local-
ization (i.e. windowing) and to reduce PAPR (e.g. with
companding and clipping). These techniques could be used
easily with CP-OFDM at the transmitter in a receiver
agnostic way. However, Ericsson is the company, which
realizes earlier that CP-OFDM has been the best poten-
tial for NR among the available candidates. However,
Ericsson researchers have proposed this waveform assess-
ment through 3GPP on April 2016 (the first 3GPP RAN
1 meeting on 5G New Radio) and have introduced CP-OFDM
for 5G NR.

Ericsson has suggested some modifications to OFDM
including reduced TTI and shorter OFDM symbol durations
that enable fast and efficient data transmission and thus sat-
isfy the requirement of mcMTC. Since the LTE symbol length
could be too long in relation to the envisioned air interface
requirements (e.g., maximal TTI is assumed to be 0.1 ms
for the time-critical factory automation applications [9]), both
the OFDM symbol length and TTI need to be scaled down
for mcMTC. Reduced OFDM symbol length, error floor-free
data coding, and higher-order antenna diversity are several
examples of major technical enablers identified for the real-
ization of mcMTC.

2) F-OFDM

Huawei has proposed to use filtered-OFDM (F-OFDM) as it
can effectively increase connectivity, improve spectral effi-
ciency, and reduce latency. This leads to facilitate the deploy-
ment of customized scenarios that are applied to MTC and
it also leads to high bandwidth-consuming scenarios, such as
virtual reality. The NR utilizes two-level non-orthogonality
to maximize the number of connected devices and the spec-
trum efficiency, and to provide flexibility supporting various
services.

3) GFDM

SGNOW researchers in [53] suggest to replace the orthog-
onality synchronism in OFDM. They have proposed sev-
eral asynchronous non-orthogonal waveforms to be deployed
in the new PHY layer such as F-OFDM, universal filtered
multi-carrier (UFMC), filtered bank multi-carrier (FBMC)
and generalized frequency-division multiplexing (GFDM).
Among all these waveforms, GFDM can be selected as
the enabler for low latency due to its block structure
that has an advantage in utilizing specific sequences with

127207



IEEE Access

N. A. Mohammed et al.: mcMTC: An Overview and Perspectives Toward 5G

mMTC

eMBB

/eMBB

Frequency
Time “Subframe
// Control mcMTC
- ontrol region G
- \
Transport \
—~block \
——= mcMTC
e _~Codeblock Codeblock Codebloc\< Codeblock Codeblock\ transport
E #1 #2 #3 #2 #3 \\ block
X, X, O\ ~ /
AN AN
AN AN
AN N\,
ANERAN AN
AN N\
AN ANEAN
Size of < ~ G
resource NI [
block "\ |
Symbol eMBB only Overlay of mcMTC -

FIGURE 8. Transmission of mcMTC, eMBB, and mMTC packets at the subframe level, and scheduling of a

mcMTC packet into an eMBB packet at the symbol level.

impulse self-correlation properties. In addition, GFDM
framing could be designed to fulfill the time constraint
100us [53].

4) SCMA

Sparse code multiple access (SCMA) is a new frequency
domain non-orthogonal multiple-access technique. SCMA is
favorable for massive connectivity due to its tolerance to
overloading signals. In addition, SCMA uses blind detec-
tion technique; therefore, it can be considered as an enabler
for grant-free multiple access which can effectively termi-
nates the latency and signaling in the request-grant dynamic
scheduling schemes [54]-[56].

As a result, it is anticipated that the final outcome for
5G waveforms may have an adaptive solution utilizing the
optimal waveform for any introduced situation. 5G is being
investigated and explored. For that, there is a good opportu-
nity to consider the optimal waveforms for the 5G system,
which shall be employed until 2040 at least. In March 2016,
3GPP has agreed to study several features of NR taking into
account OFDM, unless significant gains could be presented
by other waveforms [49]. In August 2016, 3GPP has agreed
to use CP-OFDM for both uplink and downlink in NR.
Thus, CP-OFDM takes even a greater role in 5G NR com-
pared with 4G LTE. 3GPP has settled on CP-OFDM and
most proposals [49]. Table 4 shows the different waveforms
used by all wireless network generations from G1 to the
upcoming 5G.
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TABLE 4. Waveforms used for different cellular networks generations.

Generation | Waveforms

Gl Analog - FDMA

G2 Digital FDMA/TDMA

G3 CDMA

G4 CP-OFDM for DL; SC-FDMA for UL

G5 CP-OFDM for DL; CP-OFDM and DFTs-OFDM for UL

B. 5G OPERATIONAL MODES MULTIPLEXING SCHEME

Achieving very low latency and high system reliability
for mcMTC requires intelligent scheduling and multiplex-
ing techniques between different 5G services. When there
is a mcMTC service request, whether in the scheduling
period or in the middle of eMBB or mMTC transmis-
sion, mcMTC packet should be transmitted immediately [22].
In other words, to support the mcMTC packet transmis-
sion, ongoing eMBB and mMTC packets should be stopped
without notice. At the same time, the eMBB traffic should
not be affected much more when maximizing the mcMTC
outage capacity. Otherwise, the quality of eMBB and mMTC
services will degrade severely. As illustrated in figure 8§,
when a transport block consisting of three codeblocks is
transmitted for the eMBB service, each codeblock is mapped
sequentially to the scheduled time-frequency resources. Thus,
when the mcMTC service is initiated in the middle of the
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eMBB transport block, some of the symbols in the third
codeblock are replaced by the symbols of the mcMTC
packet.

In the 3GPP NR, the coexistence of mcMTC with eMBB
and mMTC is a serious concern to non-mcMTC services,
0 a proper mechanism to protect the ongoing services should
be introduced [36]. However, it is also important to mention
that full-Duplex transmission supports a bi-directional com-
munications without time and frequency duplex by applying
a simultaneous transmission and receiving on the same fre-
quency at the same time. Furthermore, full-Duplex provides
the potential solution to reduce the system delay and to
double the system capacity. Therefore, full-Duplex provides
a solution for most challenges of today’s communications.

C. NETWORK ARCHITECTURE

Network architecture has been usually built for certain sce-
narios or use cases. As an example, LTE has been built for
mobile data, and the Global System for Mobile communi-
cations (GSM) has been built mainly for voice. In general,
the 3G and LTE mobile communication networks are planned
to serve Human-type Communications (HTC) services, but it
is complicated to supply all service characteristics of MTC.
5G needs to provide a broad range of connectivity to sup-
port extremely diverse and heterogeneous use cases, which
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basically works under the three 5G operation regions (eMBB,
mMTC, and mcMTC) that requires a major change in net-
work architecture. Moreover, various mcMTC use cases have
different requirements for connectivity in terms of availabil-
ity, latency, and reliability. However, It is expected that the 5G
core network will utilize the ongoing evolution of SDN and
NFV to provide a high level of flexibility and scalability when
supporting 5G deployments [47]. One of the biggest projects
which aims to provide a new network architecture design that
could cope with the diverse and stringent 5G KPIs including
network latency is the 5G NORMA project. With most of the
initial implementation target determined in 3GPP as of [22]
and [57]-[59], it looks that most part Radio Access Procotol
overlaps with the current LTE and only small portions of new
items are to be implemented as a new. The layers architecture
of 5G network is almost the same as 4G based on Open
Systems Interconnection (OSI) model. However, the focus
of change is on PHY and Data Link layers where the 5G
NR added a completely new sublayer called Service Data
Adaptation Protocol (SDAP) on the top of Packet Data Con-
vergence Protocol (PDCP) sublayer. The main role of SDAP
is to apply a sophisticated Quality of Service (QoS) for each
of data stream [60]. Figure 9 shows the changes of 5G on OSI
model over 4G and the place of SDAP sublayer. It also depicts
the slicing concept of resources, spectrum and standalone.
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However, the network architecture has been studied very
well in [61].

1) NETWORK SLICING

Network Slicing is one of the main concepts by which the
challenges are addressed by enabling a higher degree of flex-
ibility in the network such that each slice could be customized
to meet the requirements of a certain use case in order
to optimize the utilization of network resources [13], [23].
Network Slicing is a new concept to allow differentiated
treatment depending on requirements of each customer [50].
The 5G network shall be designed in a way making it flexible
enough for creating a virtual instance of an entire network for
every different use case. Various customized virtual networks
shall exist simultaneously and they shall not interfere with
each other. As an example, a customized virtual network,
which requires a very high throughput for video streaming,
can co-exist with a customized virtual network for ultra-low
latency autonomous vehicle control. Figure 10 depicts the
slicing concept in 5G where it was not in 4G.
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FIGURE 10. Network Transformation from 4G to 5G Networks.
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2) PROGRAMMABLE NETWORKS
A flexible network shall be required to accommodate differ-
ent performance requirements. A programmable infrastruc-
ture is created by software-defined functions i.e. the packets’
path is not necessarily controlled by a fixed architecture and
it could be programmed for optimizing latency.
Programmable network poses both scalability and latency
challenges on the failure recovery process. Nokia has already
offered transport solutions for all-IP covering completely
integrated options for high capacity, high scalability, low
latency and close synchronization meeting the requirements
of a modern mobile broadband network, which are connectiv-
ity, backhaul and fronthaul requirements. Nokia researchers
recommend providing programmable 5G multi-service archi-
tectures to address mcMTC requirements.

3) NETWORK RESILIENCY
Elements of a network should provide a high availability.
Some core network elements are pooled and load balancing
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is used to guarantee that there is no service interruption when
one or more core elements fail. The non-failing core elements
can continue functioning, while the failing core element could
be left to recover. Even when the backhaul becomes unavail-
able, a service shall continue to operate almost without being
affected by utilizing a stand-alone operation mode [14].

4) EDGE CACHING AND COMPUTING

Pushing caching and computing resources to the edge reduce
greatly latency (i.e. moving the application server and gate-
way closer to the radio). This provides the best and short-
est path for routing traffic, which requires low latency and
ensures continuity and seamless mobility at the same time.
Services are not bound anymore to a single any-to-any IP
connection, which evades unnecessary data forwarding to
centralized mobility nodes because in this model devices
communicate directly through local switching at the RAN
level.

5) CLOUDRAN ARCHITECTURE

CloudRAN architecture is envisioned as one of the properties
of 5G [62] to enable a flexible, and scalable architecture that
can be adjusted to the needs of several use cases which run
concurrently on the same infrastructure. This pattern also
foreseen to significantly contribute to addressing mcMTC
requirements. Providing flexibility in RAN configuration
in terms of splitting the radio and baseband functionalities
between central cloud and distributed entities will contribute
delivery of mcMTC. In particular, latency critical MTC use
cases can benefit from local computational power provided
by applications running in the MEC since this reduces the
physical and virtual communication distance [34]. However,
network functions in 5G will increasingly be deployed based
on cloud SDN and NFV. SDN is about the separation of
the network control traffic (control plane) and the user spe-
cific traffic (data plane). Meanwhile, NFV is about virtual-
izing network functions and the functions that can run on
a range of standard hardware [63]. CloudRAN, simplifies
scaling and management of network infrastructure such as
deep packet inspection engines and firewalls [64]. Exam-
ples of how flow-level modeling can be applied on SDN/NFV
architectures may be found in [65]. However, SDN and NFV
are new technology but not included in 3GPP technical spec-
ifications yet.

D. PACKET AND FRAME STRUCTURE

One of the most important objectives of 5G systems is
supporting different packet lengths (1-10 MB) and vari-
ous symbol numerologies (e.g., sampling rate, subcarrier
spacing, symbol duration) in order to accommodate vari-
ous deployment scenarios and service requirements [20]. The
main aim of the design of mcMTC packet is minimizing
the processing latency, which includes time for acquisition
of channel information, receiving data symbols, decoding
data packets, checking the existence of error, and scheduling
information.
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The frame structure is dependent on in-resource PHY
layer control signaling, which follows the corresponding
data transmission for each user. Comparison against the
corresponding LTE design choices shows attractive bene-
fits. In addition, enhancement of HARQ retransmissions and
Flexible design entail a flexible duration of the ACK/NACK
duration and configurability per user [66]. In LTE the lms
TTI and 8ms waiting time at every retransmission results in
degrading the E2E latency to more than 20 ms [14]. Hence,
existing LTE frames cannot support the mcMTC service due
to the structure of LTE resource blocks of 1ms TTI and
14 symbols size. Therefore, 5G requires a shorter frame and
faster processing time at retransmissions to produce a lower
latency. In Figure 11, the size of the 5G resource block
is 3 symbols with 72ms TTI each, while in LTE the size
of the resource block is 14 symbols and 1ms TTI. There-
fore, the packet transmission time should be in the order
of hundreds of microseconds to meet this stringent latency
constraint [29].

In 4G systems, a rectangular-shaped packet structure
is used to make an efficient utilization of the spectrum
under time-frequency fading channel. In mcMTC systems,
on the other hand, a non-rectangular packet is favored
because employing this structure shall save time to receive
the packet data. To reduce the latency further, [20] sug-
gested that the three components of a packet (pilot, con-
trol, data part) should be grouped together and afterward
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transmitted sequentially. By performing this, data detection,
control channel decoding, and pipelined processing of the
channel estimation become possible. Furthermore, in the con-
trol part, employing a simple fast decoding scheme is pre-
ferred to relying on a time-consuming process that consists
of channel decoding and blind searching.

As suggested in [38], the header and data should be
enclosed into a single packet to increase the probability of
successfully receiving the header and the data. This idea
is very relevant to services that use short messages, such
as mcMTC. This is due to the header size and data size
that are of comparable size (i.e. the header cannot be sent
sub-optimally by using repetition coding and a low header
data rate). Popovski’s solution could work in practice, but the
paper does not provide simulation results or physical results
to confirm the proposed idea. It also does not address the
situation where the application is located at the cell edge,
which may have little to no mobile Internet reception.

E. CONTROL CHANNEL DESIGN

The essential task of a control channel is to carry out the
control signaling related to resource allocation for actual data
transmission. Ensuring high reliability for the control channel
is an important and crucial aspect of mcMTC. In LTE the
protection was primarily focused on data, while ensuring high
reliability for the control channel is a must. This can be done
by a fairly balancing the design for both the UL and the DL
control channels, such that on the DL. The Base Station (BS)
can select the optimal modulation coding scheme (MCS)
based on both Channel Quality Indicator (CQI )2 report
and remaining latency budget. However, [67] provided a
design for control channel which trade-offs between pro-
viding ultra-Reliable and low-Latency service for mcMTC
system.

F. COMMUNICATION DIVERSITY
In wireless communications, the most difficult case regarding
performing high reliability is the Rayleigh fading channel.
This is due to large fading dips in this channel. To improve the
reliability and availability of signal detection and decoding,
a higher-order diversity is essential. Therefore, diversity is
considered to be one of the most significant techniques to
achieve high reliability in a fading environment. In general,
diversity is the capability to use the three variations which are
namely time, frequency and/or space to exploit the channel
diversity gains. Such that, the latency bounds dictated by the
time-critical mcMTC applications limit the number of possi-
ble retransmissions. Moreover, the exploitation of frequency
diversity would be costly due to the need for frequency
resources having uncorrelated channel coefficients. There-
fore, antenna diversity is identified as the major technique to
overcome uncertainty and fading dips in the channel [11] and
it is found beneficial in mcMTC deployments [9], [26].

In order to fully occupy the benefits of frequency diversity
over the frequency domain that have uncorrelated channel
coefficients, the coded bits are to be mapped on the resources.
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Additionally, combining multiple diversity techniques such
as frequency, antenna, and various forms of spatial diversity
can offer extra gains to approach the high reliability target
within stringent latency constraints [6]. Such that, antenna
diversity uses more antennas to improve the quality and
reliability of a wireless link, while frequency diversity allows
receiving radio signals over multiple channels (different fre-
quencies) or wide radio channel (wide frequency band) to
reduce the effects of radio signal distortions such as signal
fading.

G. PROACTIVE PACKET DROP

Packets can be dropped proactively by the transmitter when
the channel is in a deep fade. Transmitter discards packets that
cannot be transmitted even with the maximal transmit power.
Similarly, packet drop can happen at the receiver when the
maximum number of re-transmissions is reached. This is dif-
ferent than eMBB scenarios assuming infinite queue buffers.
In this case either spatial diversity should be used or resources
need to be increased. However, due to the substantial par-
ity overhead, we observe that the robustness improvement
scheme suffers from throughput loss (about 17 percent) over
the reactive strategy [36].

H. CODING AND MODULATION

Redesign of physical channels provides a fast and reliable
decoding implementation towards improving the latency,
reliability and availability of signal detection and decoding
mechanism. It is required that the receiver can start the
processing as early as possible to do early channel esti-
mation as well as fast decoding and demodulation. There-
fore, the physical layer should be designed so that refer-
ence signals / pilots should be transmitted at the beginning
of a TTI and time-domain interleaving of data should be
avoided. Furthermore, coding that does not have an error floor
(e.g., convolutional codes) is found as another prerequisite to
ensure mcMTC [11]. In addition, channel coding techniques
designed for data of NR should support info block size flex-
ibility and codeword size flexibility. In addition, Channel
coding techniques of NR should support both incremental
redundancy and chase combining HARQ [50].

Recently, 3GPP has been selected LDPC and Polar codes
for the eMBB data and control channels, respectively for 5G
NR [68]. It is expected that LDPC codes, Polar codes, and
their variants will continue their victory to be deployed in
many other applications and will be included in other new
standards in the future. Nevertheless, the design of such codes
for mcMTC is still in its early stages due to the range of open
issues waiting to be addressed.

1) CONVOLUTIONAL CODING SCHEME

Convolutional code is selected as the preferred Forward Error
Correction (FEC) scheme in mcMTC use cases due to many
reasons listed in [67]. In addition, the decoder is able to
process the code block whilst it is being received, and thus
it is able to obtain decoded bits with a very short delay.
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However, for better performance and manageable decoding
complexity, the block codes are favorable for control chan-
nels which have short blocks lower than 10 bits. Therefore,
redesign of PHY channels allows early channel estimation
usage of convolutional codes (e.g., for data channels) and
block codes (e.g., for control channels) [10], [11]. However,
convolutional codes perform similarly to Turbo and LDPC
codes for block lengths, which are up to a few hundred bits.
On the contrary of convolutional codes, Turbo and LDPC
codes might in specific configurations have an error floor,
which makes these codes less efficient when BLER reaches
very low levels. Considering latency, convolutional code
decoding has a shorter delay than the iterative decoder, which
is usually employed in Turbo and LDPC decoding. This is
partially because of lower decoding complexity.

2) TURBO CODING SCHEME

Turbo codes have been used as FEC for data in sev-
eral modern communication systems, such as LTE. Turbo
code encoder is built using a parallel concatenation of two
recursive systematic convolutional codes and the associated
decoder, using a feedback decoding rule. Turbo codes have
low error probability performance within a 1dB fraction from
the Shannon limit and relatively low complexity which is
about 10~° BLER [52]. Although it is being used in LTE,
it does not satisfy the performance requirements of 5G ser-
vices for all the code rates and block lengths as the implemen-
tation complexity is too high for higher data rates. In addition,
due to the error floor observed in this scheme. Turbo codes
generally have a low encoding complexity and high decoding
complexity.

3) LDPC CODING SCHEME

Since LDPC codes were rediscovered in 1993. LDPC codes
have attracted growing interests in both academia and indus-
try because it can significantly improve the performance
of both wired and wireless communication systems. LDPC
codes are linear codes and have a sparse parity check matrix
consisting low density which have relatively simple and
practical decoding algorithms. The iterative nature of LDPC
decoding algorithms increases the accuracy in each itera-
tion while the number of iterations is decided based on
the requirement of the application. Compared with turbo
codes, LDPC codes can achieve better performance and faster
decoding such that LDPC codes have an excellent ability
to achieve almost 95% of the theoretical limits of chan-
nel capacity [69]. In addition, LDPC codes have the ability
to trade-off between latency, reliability performance which
make it a good candidate for future communications support-
ing mcMTC. However, modern LDPC decoders work with
soft decision algorithms which further enhance the decoder
gain.

In eMBB the channel coding scheme for data is the flexible
LDPC and is the same as the single channel coding scheme
for all block sizes. In addition, the channel coding scheme
is Polar Coding with exception to very small block lengths
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TABLE 5. A comparison between the most popular channel coding schemes.

Channel Cod- | Pros Cons
ing Scheme
Convolutional | - Convolutional code has a shorter delay than the iterative | - Less error correction performance, therefore, it has a
Code decoder because of its lower decoding complexity. poor performance in supporting mcMTC requirements.
- The throughput is less than the other codes due to the
less BLER performance.
Turbo Codes - Has low complexity encoders. - Error ﬂgor makes it less efficient when the BLER is less
- Suitable to simple rate adaptation. than 10~ ) )
N . . - The computationally most challenging part of the Turbo
- Low complexity iterative decoding schemes. - Works decoder
well with long messages as its iterative decoders rely on | - The power and area efficiency of Turbo decoders deteri-
exchanging extrinsic information between two constituent | orates very fast when increasing the block size.
decoders.
- Performance for short lengths is still comparable with
other modern coding schemes.
- Has a good throughput for medium block length and
code rate around 0.75.
- Is the channel coding schemes for the 3G and 4G mobile
communication standards.
LDPC - Performs typically well for large blocks and high rates | - Error floor makes it less efficient when the BLER is less
greater than 0.5. than 1077
- Almost achieved 95% of theoretical channel capacity. - Has a difficulty to support fine granularity of code rates
- Has high throughput for long block lengths and high | and code lengths.
code rates. - Across all considered message lengths, both codes have
- Has been selected for a control channel coding in 5G. a gap of 1 to 2.5dB to the finite length bounds which can
be especially important for short message lengths.
- Performance in terms of BLER and throughput is poor
for small blocks and high rates less than 0.5. Such code
rate range can be the most common scenario in eMBB
case.
Polar - Has the best performance in terms of BLER and through- | - The performance of encoding long block size is less than

put for control channels that have short block lengths.

- Low encoding algorithm complexity and manageable
decoding complexity.

- No error floor.
- Almost achieved 95% of channel capacity.

- Suitable to be used in a wide range of scenarios with
diverse requirements. Due to its encoder ability to work
with the different types of decoders.

- It uses a Small-list decoder or Successive Cancellation
decoder for low-power realization.

Has been selected for a data channel coding in 5G.

LDPC codes.

- Less performance decoding complexity.

- The performance in terms of BLER and throughput for
control channels that have long block lengths is less than
LDPC codes.

where repetition/block coding is preferred. However, LDPC
codes are currently being used in many communication sys-
tems such as 802.11n (Wi-Fi allowing MIMO) and 802.16e
(Mobile WiMAX) etc. However, LDPC coding has been
selected for a control channel coding in 5G [68].

4) POLAR CODING SCHEME

In coding theory, polar codes are considered as a big advance-
ment. When the code block size is large enough, polar codes
are able to perform Shannon capacity with a simple encoder
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and a simple Successive Cancellation (SC) decoder. Polar
codes have raised much interest so that several research works
have been mainly conducted on code design and decod-
ing algorithm [70]. Polar codes outperform all the codes,
which are currently used in the 4G systems, specifically
for short code length [71]. Hence, polar codes are treated
as great potentials for the FEC module in 5G air inter-
face design [12]. Many variants of Polar codes have been
proposed to improve the performance of Polar codes, some
concatenated coding and combined decoding schemes are
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proposed. Such as CRC-concatenated Polar codes (CA-Polar
Code) with single-parity-check code concatenation and multi
CRC-concatenation Parity-check concatenated Polar code
(PC-Polar Code). Furthermore, the performance of Polar
Codes keeps improving along with increasing list size of
the software Successive Cancellation List (SCL) decoder.
The flexibility of SCL decoder enables to explore trade-offs
between throughput, latency decoding performance [72].

5) COMBINATION OF POLAR, SC, AND
CRC CODING SCHEME
It is essential that establishing a very low latency could be
gained by using a simple encoder and fast decoding algo-
rithms. Several performance simulations show that the con-
catenation between Polar codes and CRC and an adaptive SC
decoder are able to overcome turbo/LDPC codes for short and
moderate code block sizes [12]. The SC decoding algorithm
is among the most important decoding algorithms and it is
able to perform same as the optimal maximum-likelihood
decoding algorithm with a list size of 32 for moderate code
block sizes [73]. Reference [13] suggested that an advanced
error control coding such as a concatenation of Polar codes
with CRC codes could be applied to improve the reliability
and promises to overcome turbo or LDPC codes. Also, relia-
bility should be enhanced for both the control and data parts.
For the control part, a new strategy, which does not depend
on the CRC and channel decoding is required. For the data
part, an advanced channel coding scheme that functions with
the short-packet regime could be used (i.e., polar code) [20].
The study in[19] provides a method analyzing of
channel capacity with finite block length called a
Polyansky-Poor-Verdu (PPV). PPV has provided the
trade-offs between delays, throughput, and reliability on
Gaussian channels and fixed rate block codes, by introducing
a new fundamental parameter called ‘“channel dispersion’;
this analysis shows that there is a severe capacity loss at short
block-lengths. There are no known codes that achieve the
PPV limit. LDPC codes and polar codes have been reported
to achieve almost 95% of the PPV bound at BLERSs as low as
10~7 for block lengths of a few hundred symbols [69]. How-
ever, their main drawback is the large decoding latency [74].
From the other size, Self-adaptive codes appear as a promis-
ing solution to mcMTC [74]. Self-adaptive codes, also known
as rateless codes, can adapt the code rate to the channel
variations by sending an exact amount of coded symbols
needed for successful decoding. This self-adaptation does not
require any CSI at the transmitter side, thus eliminating the
channel estimation overhead and delay [75]. Table 5 summa-
rizes the popular coding schemes and their contributions to
mcMTC in 5G.

VI. CONCLUSION AND FUTURE WORK

The aim of this work is to investigate the recent works that
have been conducted on mcMTC. This paper highlighted
the challenges and future aspects toward 5G. It is antici-
pated that within the next two years, mobile networks will
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experience major changes in comparison to the current state.
Transmission rate is expected to be higher, the number of
users and associated machines are predicted to increase by
10-100 times, and the traffic volume is anticipated to increase
up to 1000 times. It is important to take the entire field
into account, as it provides new opportunities for service
providers, network operators, and users in the value chain.
Achieving low-latency and reliable communications have
been mainly studied in the context of MTC systems on a
theoretical level.

This article has outlined an overview of mcMTC main
requirements, its enabling techniques include 5G air inter-
face design, network architecture, packet and frame structure,
diversity, and coding schemes. The goal is to design an air
interface, which is resilient to diverse services, and to support
mcMTC future applications.

The future work in this regard is to enhance existing chan-
nel coding schemes including, LDPC codes, Polar codes,
LDPC convolutional codes and spatially-coupled LDPC
codes, rateless codes, and their variants. This improvement
should take into consideration the complexity, error rate, and
hardware implementation. In addition, development trends
and challenges for turbo codes is still a hot topic. More-
over, it is beneficial to investigate control overhead addi-
tionally incurred by TTIL. In addition, investigation in MEC
in order to bring the Evolved Packet Core (EPC) closer to
the end devices for mcMTC applications is recommended.
To further explore the beamforming strategies for control
and data part and the reconfigurable mcMTC protocol. Next,
study of advanced transceiver architecture to support dynamic
numerology adaptation and simultaneous decoding is highly
needed. Furthermore, investigating of deployment strategies
of 5G functions based on SDN and NFY is recommended.

Finally, a trade-off between a high reliability and tight
latency constraints while maintaining availability to fulfill
the minimum requirements of mcMTC towards 5G is a bit
challenging and needs further improvement, especially with
the advanced of 5G second phase which is more related to
mcMTC standardization in 5G NR.
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