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ABSTRACT
The Internet of Things (IoT) is transforming the information and communication tech-
nology industry. It embodies the vision of connecting virtually anything with everything
and build on a global growth of the overall number of connected End-Device (ED)s. To
support, and further boost, this growth the 3rd Generation Partnership Project (3GPP)
standards development organization has in its Releases 13, 14, and 15 de�ned the com-
munication technologies Narrowband IoT (NB-IoT) and LTE for Machines (LTE Cat-M).
These technologies provide cellular connectivity for the massive number of IoT devices
with the stringent requirements in terms of connection density, energy e�ciency, reach-
ability, reliability, and latency, leading to the massive Machine-Type Communication
(mMTC) scenarios. This habilitation thesis focuses on performance characteristics, im-
plementation challenges, and speci�c enhancements required for modern IoT applica-
tions, all of which are critical in the context of the ongoing development and deployment
of Fifth Generation Cellular Networks (5G) and future Sixth Generation Cellular Net-
works (6G) networks, especially in case of the energy grids and remote smart metering
scenarios. This alignment suggests that this research could contribute valuable insights
and solutions to the ongoing development of Cellular IoT (CIoT) technologies. The
thesis summarises 38 peer-reviewed works that bridge the main knowledge gaps, and
provides new directions in the �eld.
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5G, 6G, Energy Grids, Enhanced Machine-Type Communication, Internet of Things,
Cellular IoT, LTE for Machines, massive Machine-Type Communication, Narrowband
IoT, Smart Grids, Smart Metering



ABSTRAKT
Internet v¥cí (IoT) p°edstavuje vizi moºného propojení jakýchkoliv koncových za°ízení,
kdy je tato my²lenka akcelerována neustále nar·stajícícm po£tem nasazovaných za°ízení.
Pro moºnost bezdrátového p°enosu dat mezi za°ízeními byly ze strany standardiza£ní
organizace 3rd Generation Partnership Project (3GPP) v rámci tzv. vydání 13, 14 a
15 de�novány nové komunika£ní technologie pro IoT, konkrétn¥ Narrowband IoT (NB-
IoT) a LTE Cat-M. Tyto technologie svými vlastnostmi umoº¬ují konektivitu s vyuºitím
infrastruktury mobilních sítí 5G (6G) pro masivní nasazení koncových za°ízení, nap°.
chytrých elektrom¥r·, které de�nují zcela nové (p°ísn¥j²í) poºadavky na komunika£ní
pokrytí, dostupnost, energetickou efektivitu, spolehlivost a komunika£ní zpoºd¥ní. Tyto
poºadavky následn¥ de�nují poºadavky pro tzv. masivní komunikaci mezi stroji (mMTC).
Tato habilita£ní práce se soust°edí na parametry komunika£ních technologií pro IoT,
komunika£ní scéná°e v p°ípad¥ masivního nasazení koncových za°ízení (se zam¥°ením
na energetické sít¥) a následn¥ poskytuje návrhy moºných implementa£ních zm¥n pro
spln¥ní neustále se zvy²ujících poºadavk· ze strany koncových za°ízení a komunika£ních
infrastruktur v rámci aktuáln¥ provozovaných mobilních sítí 5G a budoucích sítí 6G.
Habilita£ní práce shrnuje výstupy 38 recenzovaných £lánk·, které se soust°edí na zmín¥né
výzkumné oblasti a poskytují návrhy °e²ení £i nové sm¥ry v oblasti bezdrátových p°enos·
s vyuºitím IoT komunika£ních technologií.

KLÍƒOVÁ SLOVA
5G, 6G, inteligentní sít¥ pro energetiku, masivní komunikace mezi za°ízeními, Internet
v¥cí, komunika£ní technologie pro IoT, chytré m¥°ení
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Introduction

The Internet of Things (IoT) is transforming the information and communication

technology industry. It embodies the vision of connecting virtually anything with

everything and build on a global growth of the overall number of connected End-

Device (ED)s. To support, and further boost, this growth the 3rd Generation Part-

nership Project (3GPP) standards development organization has in its Releases 13,

14 and 15 de�ned the communication technologies Narrowband IoT (NB-IoT) and

LTE for Machines (LTE Cat-M). These technologies provide cellular connectivity

for the massive number of IoT devices with the stringent requirements in terms of

connection density, energy e�ciency, reachability, reliability, and latency, leading to

the massive Machine-Type Communication (mMTC) scenarios. Conventional Low-

Power Wide Area Network (LPWAN) technologies such as NB-IoT and LTE Cat-M

are designed to carry out tra�c generated by a massive amount of EDs operating

asynchronously. It allows multiplexing messages from numerous EDs, in the case

of NB-IoT, even reaches Fifth Generation Cellular Networks (5G) mMTC require-

ments of106 EDs/km 2 with the maximum message intensity of one packet per two

hours with no more than10% losses, as speci�ed in International Telecommunica-

tion Union � Radiocommunication Sector (ITU-R) M.2410 [1�3].

Naturally, applications act as a driving factor for developing networking tech-

nologies. The 3GPP body has speci�ed several services and associated enablers �

mMTC supported by Cellular IoT (CIoT) technologies (NB-IoT and LTE Cat-M),

and the upcoming New Radio (NR)-based, Ultra-Reliable Low-Latency Commu-

nicatio (URLLC) to address these application requirements [4, 5]. Nevertheless,

numerous emerging applications start to fall between these two extremes [4, 6, 7],

such as smart grids. These applications pose much stricter requirements on delay

and loss performance than mMTC, but they are still more relaxed than URLLC.

Furthermore, the reliability and availability of these applications are more critical

than power consumption.

Smart grids represent one of the most challenging use cases among the considered

industrial IoT applications. In addition to signi�cantly extended communication

range and latency requirements, such applications require EDs to have permanent

connectivity with the network operating in a Radio Resource Control (RRC) con-

nected state and polling EDs over regular time intervals [8,9]. This behavior even-

tually results in batch arrivals at the air interface, drastically increasing the latency

at the air interface and violating the 5G mMTC requirements [8,10,11].

Nevertheless, unexpected on-demand readings or remote management tasks may

occur in case of critical failure, such as power grid overload. These non-standard

situations requiring low latency (downlink communication) then do de�ne the re-
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quirements for permanent (two-way) connectivity between the EDs (electricity me-

ters) and the Head-end System (HES) [12�14]. To improve reliability and unify the

ED design, solutions with multiple LPWAN interfaces have been proposed [15,16].

This habilitation thesis focuses on performance characteristics, implementation

challenges, and speci�c enhancements required for modern IoT applications, all of

which are critical in the context of the ongoing development and deployment of 5G

and future Sixth Generation Cellular Networks (6G) networks, especially in case

of the energy grids and remote smart metering scenarios. This alignment suggests

that this research could contribute valuable insights and solutions to the ongoing

development of CIoT technologies.

The habilitation thesis is composed as the compilation thesis summarizing the

key outputs of 38 published research works, see Section 6.2 (List of Author's Publi-

cations), with the aim to go beyond state of the art and to introduce new knowledge

and directions in the �eld of the CIoT communication technologies. The structure of

the habilitation thesis is as follows. Chapter 1 reveals the research motivation while

discussing (i) the basic features of the cellular networks in the context of the IoT,

(ii) emerging challenges for the 5G�IoT cellular systems, (iii) 5G�IoT as an enabler

for smart metering, (iv) network capacity planning and optimization, (v) multi-

Radio Access Technology (RAT) approach for mMTC. Then, in Chapter 2, the aim

of the habilitation thesis is introduced together with the de�nition of four research

questions. Chapter 3 contains the thorough technical description of two main rep-

resentatives of the CIoT technologies, i.e., NB-IoT and LTE Cat-M, with respect

to the 3GPP Releases. Going further, in Chapter 4 the energy grid requirements

toward the Enhanced Machine-Type Communication (eMTC) are detailed, when

introducing the description of the new data tra�c types for permanently connected

smart meters in energy grids. The discussion of main �ndings is then provided in

Chapter 5, when referring to the published research works (journals with the im-

pact factor and conference papers). Finally, the Chapter 6 comments on the key

contributions of the habilitation thesis (with respect to the de�ned research ques-

tions) and on top provides the insight into the planned research directions containing

the description of already started research steps in mentioned research �elds. The

remaining chapters then include the list of author's publications and the author's

curriculum vitae.
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1 Research Motivation

Over the last decade, wireless communication technologies have evolved dramatically

and have become widespread, enabling various communication scenarios. Motivated

by the enormous potential of wireless data transmission, the demand for emerging

applications does not stop; on the contrary, it continues to increase at an even faster

pace. In recent years, Machine-to-Machine (M2M) applications have seen the great-

est growth in communication systems, and the trend of various networks forming

the Internet of Things (IoT) has gained momentum, see Fig. 1.1. Starting with the

IoT, continued by the Industrial Internet of Things (IIoT) and currently formed

as massive massive Machine-Type Communication (mMTC), the character of com-

munication in wireless systems has completely changed. Currently, conventional

Human-to-Human (H2H) technologies together with the mMTC create a network

of mutually connected services that form next-generation heterogeneous networks.

However, the wide variety of communication technologies that are suitable for dif-

ferent services and use di�erent communication paradigms and frequency spectra

make the development and optimization of heterogeneous applications challenging.

Consequently, there are many research challenges to overcome, such as providing

a scalable communication network with the capacity to serve billions of expected

communication devices in a power-e�cient, secure, and reliable manner. Therefore,

the wireless heterogenous systems are predicted to play a crucial role in next decade

as a part of the sixth generation of the mobile networks (6G) [17�20].

Fig. 1.1: Network architecture of selected LPWAN technologies.
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1.1 Cellular Networks in the Context of IoT

With the widespread adoption of wireless connectivity, it is crucial to o�er var-

ious services for novel applications with unique network requirements, i.e., Key

Performance Indicators (KPIs) [2, 21]. Although wireless communication networks

were primarily designed for H2H interactions, signi�cant progress has been made

in autonomous M2M communication scenarios that have distinct network require-

ments [22]. Fifth-generation 5G networks can facilitate these applications because

of their heterogeneity. 5G categorizes all applications and services based on their

use cases, frequency utilization, and drivers and divides them into three categories,

each with di�erent stringent requirements to suit its Network as a Service (NaaS)

paradigm.

ˆ Enhanced Mobile Broadband (eMBB) provides high data throughputs

by utilizing extended frequency carriers not only below but also above 6 GHz,

o�ering a limited communication range. This technology is well-suited for

applications such as Virtual Reality (VR) and Augmented Reality (AR) [23].

ˆ Ultra-Reliable Low-Latency Communicatio (URLLC) is a critical com-

ponent for delicate communication scenarios that require extremely low la-

tency, such as remote surgery or tactile internet, with stringent reliability

standards of up to 99.9999 % [20,23,24].

ˆ massive Machine-Type Communication (mMTC) refers to a type of

communication that supports a scalable network with a dense deployment

of End-Device (ED)s, such as sensors and actuators, that transmit limited

amounts of data. This communication technology has various use cases, in-

cluding eHealth, smart factories, smart grids, and IIoT. An example of this

type of communication is shown in Fig 1.2 [23].

Fig. 1.2: Main directions of heterogenous 5G with respect to IIoT diverse use-cases
and requirements [23].
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According to the mMTC paradigm, newly emerged group of communication

technologies Low-Power Wide Area (LPWA) are a subset of end-to-end connectivity

solutions that are speci�cally designed for industrial sector scenarios that require

low-speed, power-e�cient, and robust communication schemes. These technologies

are gaining popularity in the market due to the increasing number of connected

devices. Thus, this sector is a market mover.

1.2 Emerging Challenges for 5G-IoT Cellular Systems

The prodigious expansion of wireless devices is anticipated to reach approximately

30 billion by the year 2030. In 2019, there were already 11 billion devices, forming

the so-called IoT [25]. Therefore, it is crucial for mMTC systems to introduce new

mechanisms that can e�ectively serve a large number of devices, with a focus on high

power e�ciency, particularly for battery-operated or zero-energy devices that are

expected to become more prevalent. Furthermore, it is anticipated that these devices

will be deployed in ultra-dense networks, with up to 100 devices per m3 [25, 26].

These devices are expected to transmit small volumes of data sporadically, in bursts,

or periodically. However, at present, only a small fraction of these devices are in

operation, with the majority in power-saving modes [25�27].

Mentioned network optimization capacity is challenging, and it is undoubtedly

di�cult and almost impossible to propose one killer application or single Radio Ac-

cess Technology (RAT) as a universal solution. A more suitable approach appears

to be a speci�cally tailored solution for demand use-cases based on the standard-

ized umbrella of 5G technologies [25]. In 2014, authors of [28] identi�ed a possible

solution to improve network capacity by cell densi�cation, edge computing new mod-

ulation and coding schemes, or Non-Orthogonal Multiple Access (NOMA). These

ideas have also been adopted in recent years, for example, in [29] or in 6G vision

white papers [25].

However, this habilitation thesis touches on visions of possible solutions for be-

yond 5G systems and upcoming 6G networks � but mainly elaborates on current

deployment problems. Namely, it is: (i) network evaluation for upcoming deploy-

ment of smart meters in Czech Republic and (ii) End-Device (ED) optimization

by learning-aid techniques. The use-case intends to utilize LPWA communication

technology Narrowband IoT (NB-IoT) as one of the best-suited [27] for transmitting

electricity meter data due to its bene�cial parameters such as robust communication

and long range. The problem lies in the communication state of the devices. The

typical mMTC scenario counts with most of the devices in sleep modes, although

this scenario also depends on always open communication channels for possible im-

mediate electricity-meter action. Therefore it is almost considered mission-critical
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MTC (cMTC) [25] but with less strict requirements [2, 24]. The question is, will

or will not the currently deployed NB-IoT technology be able to withstand such a

use-case where some of the devices might be in the dead-zone coverage areas (under

the surface, valleys, forests, deep-indoor)?

The second problem addressed in this section of the habilitation thesis focuses

on data transmissions from a slightly di�erent perspective. That is, message trans-

mission optimization of the mMTC device. These devices require power and cost

e�ciency, which may be challenging for several reasons. The �rst is the selected

RAT. As previously mentioned, there is no killer app for mMTC use cases, and the

same applies to RATs (although some applications require a single RAT because

of the less complex device with reduced cost). The ideal solution could be smart

switching between RATs, which might enhance the overall coverage, performance,

power e�ciency, and operational costs [15, 25]. As was addressed, selective RAT

switching might be useful for public transport tracking and may optimize device

operation in the mentioned directions. A di�erent problem in device optimization

is in the case of delay-tolerant applications. In terms of mMTC, a minimal delay

is not KPI as the main goal is to successfully transmit data over long distance or

in case of edge radio conditions. Nevertheless, some applications, such as smart

meters, require the device to respond to a server within 10 s [24]. Therefore, the

second question is to elaborate on the possible EDs' optimizations to satisfy the

needs mentioned above.

In summary, the network capacity question was outlined, considering the dense

deployment of devices. Also, the need for EDs optimizations with an aim to be

energy and cost-e�cient and having the ability to communicate within severe con-

ditions in signal dead zones was pointed out. Thus following sections outline the

possible solutions for these issues in Beyond 5G (B5G) and also in nowadays emerg-

ing smart meters deployment scenarios in the Czech republic.

The European Parliament (EP) Directive 2019/944 �rmly states that intelligent

electricity meters will be rolled out across European Union (EU) member states

starting in 2024 [30�32]. Once approved, this regulation puts pressure on electric-

ity distributors and telecommunication operators who are supposed to enable data

transmission via the new generation of wireless communication technologies. The

use case of smart metering, that is, remote reading, monitoring, and management of

electricity meters, exceeds the requirements initially targeted to IoT and Industry

4.0. As the smart metering scenario falls into the critical infrastructure category, it

must provide permanent (not only on-demand) connectivity to the electricity meters.

In addition, there are strict rules related to the maximum time the smart meters

have to be accessible, for example, in a blackout situation, all electricity meters are

supposed to be back online within 15 minutes [33].

26



Considering the completely new set of requirements for smart metering use cases

over Cellular IoT (CIoT) technologies, telecommunication operators have already

begun the performance evaluation of the CIoT technologies in question [30, 34].

Nevertheless, the lack of fully functional smart meters equipped with CIoT modules,

as well as the level of integration of the CIoT technologies from the operators' side,

limits the number of �nished proof-of-concept trials, which results in the need to

obtain the initial data from the simulations, that is, create digital twins of the

expected scenarios [34].

1.3 5G-IoT as an Enabler for Smart Metering

New types of industry-driven applications that need to be supported by Low-Power

Wide Area Networks (LPWANs), such as remote control or metering of devices

within massive machine-type infrastructures (e.g., Smart Grids), require a perma-

nent connection to the remote server. In addition, there is a shift in the commu-

nication paradigm, as the User Equipment (UE) nodes are queried in regular and

frequent intervals. Notably, the presence of this type of tra�c may drastically de-

teriorate the performance of LPWAN technologies initially developed to support

conventional use-cases characterized by non-synchronized transmissions. Although

none of the LPWAN technologies are inherently designed to handle such demand-

ing communication patterns, CIoT remains the best candidate because it operates

within the license frequency spectrum [35].

The industry segment de�nes the recently introduced group of IoT applications,

where emerging mMTC services demand stable, secure, and permanent connections

to UE. An excellent representation of a new group of devices that brings about the

need for permanent connectivity is the so-called �smart metering�. Such use-case

currently includes already deployed electricity meters either without communica-

tion modules or equipped with legacy 2G modules, enabling data communication

via the General Packet Radio Service (GPRS). As recent smart metering enhance-

ments demand UEs to have permanent connectivity through sustainable wireless

communication technology, it has become a critical issue requiring a dialog between

mobile telecommunication operators and electricity distributors. Currently, the sit-

uation is exactly the opposite � there is a contradiction between what the network

operators want to achieve (as e�ective network utilization as possible) and what the

distributors are used to implement (permanent utilization of network resources and

broadcast communications). Even more demanding is the smart metering deploy-

ment strategy in the European Union [36, 37]. Starting from 2024, every deployed

electricity meter for locations (houses, factories, warehouses, etc.) with an annual

consumption above 6 MWh needs to have a smart meter capability, that is, an
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electricity meter with a communication module for remote metering and manage-

ment [38,39].

Over the last couple of years, newly introduced industrial communication sce-

narios have signi�cantly di�ered from those of the NB-IoT technology that was de-

signed for the past decade [38]. As the 3rd Generation Partnership Project (3GPP)

standardization body mainly aims to cover IIoT communication scenarios for UEs

performing asynchronous data transmissions resulting in purely stochastic tra�c

patterns, discussions between telecommunication operators and industry companies

have begun [2,40].

The leading industry sector that pushes the boundaries of the �legacy communi-

cation schemes� while utilizing the recently adopted CIoT technologies is one of the

energy distributions over Smart Grids. Photovoltaics have been installed rapidly

over the last decade, and an entirely new segment has emerged. Electromobility

and intelligent (smart) electricity meters both require compliance with de�ned re-

quirements, where the crucial requirement is permanent connectivity [38]. To this

end, intelligent microenergy grids are being constructed as a part of the 5G plat-

form. We point out that communications between the Electric Vehicles and the local

charging station (wall boxes and charging stations) are de�ned. On top of what we

see while charging the electric vehicles, the intelligent grid communicates with the

electricity distributor to: (i) verify the user, (ii) approve the charging process, and

(iii) �nalize the charging and process with payment [41,42]. In addition to charging

stations across highways, there are locations at home or work, such as underground

garages, where the charging stations will need to have permanent connectivity to

the distributors' networks [43].

Thus, the deployment of smart meters brings new communication paradigms

into play. The game-changing information is that the reading scenarios de�ned by

the electricity distributors target communication ranging from 5 to 15 minutes (even

more often for speci�c situations, e.g., on-demand management of the electricity me-

ter in case of critical failure such as power grid overload), whereas in less demanding

cases, the periodicity is up to 1 hour [38]. Notably, these nonstandard situations

requiring fast response times (communication in the Downlink (DL) direction) are

the primary culprits for permanent (two-way) connectivity needs [12�14].

The transformational shift from communication networks designed to connect

people to industry-driven scenarios has paved the way for mMTC [35]. The mMTC

forces us to rethink how the deployed devices communicate completely through the

network. We are witnessing a departure from the legacy communication use-cases

proposed in the last decade for the IoT, following the irregular tra�c de�ned by

the International Telecommunication Union � Radiocommunication Sector (ITU-R)

M.2412 requirements for new applications characterized by the need for permanent
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network connectivity [44]. However, even for LPWA technologies, the performance

can be compromised as they have been developed with sporadic irregular and unsyn-

chronized communication in mind to serve both regular and stochastic tra�c [45�47].

In addition to well-known scenarios such as environmental monitoring and asset

tracking, smart electricity metering is currently being discussed [35]. Electricity

distributors seek �exibility at every business level. As the communication network

must be reliable and resilient, utilities aim to get the most out of their investment in

the long run to be prepared for whatever needs may arise in the future [48,49]. The

requirement for the long-term operation of deployed smart grid meters or sensors

is the one that has caused the most discussions these days. To �nd communica-

tion technologies capable of creating and maintaining an Advanced Metering In-

frastructure (AMI), distributors are challenging telco operators as their traditional

partners [34,50,51]. However, emerging types of applications have introduced novel

requirements that have not been previously discussed.

1.4 Network Capacity Planning and Optimization

There are numerous proposals on how to handle ED density requirements for mMTC

in B5G systems. The authors of [25�29] shared similar ideas and approaches. The

�rst direction of coverage extension could be achieved by newly designed coherent

modulation and coding schemes that satisfy the requirements of low-power transmis-

sion and robust communication. However, to date, this approach has shown limits

in possible receiver sensitivity up to� 80 dBm, which is su�cient for Ultra-Dense

Networks (UDNs) with shorter communication distances. However, this approach

is insu�cient for remote areas. It has been shown that 4G random access proce-

dures require demanding synchronization and are power-hungry, that is, insu�cient

for mMTC. Thus, new approaches should be implemented with newly designed se-

curity mechanisms suitable for constrained devices, such as the proposed Physical

Unclonable Function (PUF) [25].

The second approach focuses on the access procedure. The authors of [25, 28]

proposed a simple cell-free or Grant-Free (GF) NOMA with no explicit connection to

the base station and possible joined (aggregated) reception, thereby reducing com-

munication overhead and radio resources. On the other hand, the authors of [29]

pointed out that legacy orthogonal resource allocation is more demanding in terms of

synchronization, but also reduces interference. On the other hand, non-orthogonal

resource allocation enhances the spectrum e�ciency, thus bringing more interfer-

ence and calls for more complicated decoding schemes. Thus, the authors provide

solutions based on the combination of both approaches in coexistence based on

application needs.
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The last, but not least, approach is network densi�cation. The authors of [26]

proposed a solution in the form of a UDNs, where a signi�cant increase in base

stations within the areas enhances the Uplink (UL) capacity and reduces the inter-

ference, lowering the device's required transmission power to shorter communication

traces. This, together with low-power nonorthogonal receivers and the possible use

of zero-energy devices, could bring what is needed for billions of battery-operated

low-power sensors in urban areas [25]. However, as stated, there are cases of remote

places where long-range and thus higher power consumption owing to its drawbacks

are required.

This is similar to the intended use case of the upcoming smart meter deployment

in the Czech Republic. Communication technology for this use-case has must be

robust and able to reach dead zones (as stated, NB-IoT was chosen). However, this

use-case requires some of the devices to be in an always-connected state to perform

immediate action if necessary. For this scenario, a secure Transport Layer Security

(TLS) connection was selected. This approach is not a typical mMTC deployment,

and thus, a new network capacity model has to be carried out to provide an optimal

solution for network dimensioning [25]. The �rst step is to create a mathematical

model for several scenarios to address this issue.

Currently, critical industrial applications, such as smart electricity metering,

necessitate dependable and secure data transmissions that Long Range Wide Area

Network (LoRaWAN) technologies, operating in the unlicensed frequency spectrum,

are unable to provide [52,53]. In the Czech Republic, NB-IoT was introduced in 2016

and extensively tested across the industry sector. The communication infrastruc-

ture of electricity distributors follows traditional principles and relies on extensive

data communication protocols, such as DLMS/COSEM [54]. These protocols de-

mand a secure communication path, and more importantly, the communication link

must be a permanent connection that ful�lls the requirements that only licensed

communication technologies can meet [8,55,56].

To provide a real-world example of the requirements mentioned earlier, the

amount of data transmitted by one device (an electricity meter) ranges from 15

to 20 megabytes per month [54]. This is a signi�cant increase compared to the

initial scenarios, which assumed the transmission of tens or hundreds of bytes in

originally assumed IoT applications. Additionally, the radio conditions also play a

crucial role in determining the di�culty of data transmissions. Therefore, it was

quickly realized that NB-IoT may not be suitable for scenarios with high data traf-

�c. Consequently, several years after the introduction of NB-IoT, LTE for Machines

(LTE Cat-M) was rolled out and our research team in the Czech Republic was able

to address the challenge of data-intensive transmissions [8,34,57].

Smart grid communication services, which feature a substantial amount of mas-
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sive machine-type communication, di�er from conventional services that exhibit

stochastic arrival patterns. Unlike conventional services, smart grids necessitate

continuous connectivity, which control centers maintain by regularly polling EDs.

This results in batch message arrivals that in�uence the mean access delay at the air

interface, as demonstrated in [58]. To ensure high reliability and network availabil-

ity, smart grids typically employ multiple radio access technologies in EDs. RATs,

such as NB-IoT and LTE Cat-M, have been identi�ed as viable options for these

scenarios.

Conventional LPWAN technologies such as NB-IoT and LTE Cat-M are de-

signed to carry out tra�c generated by a massive amount of EDs operating asyn-

chronously [58]. It allows multiplexing messages from numerous EDs, in the case

of NB-IoT, even reaches 5G massive machine-type communications mMTC require-

ments of106 EDs/km 2 with the maximum message intensity of one packet per two

hours with no more than10% losses, as speci�ed in ITU-R M.2410 [1�3,59].

Applications naturally serve as a key driver in the advancement of network tech-

nologies [58]. The 3GPP body has de�ned several services and their corresponding

enablers, including mMTC supported by cellular IoT technologies such as NB-IoT

and LTE Cat-M, as well as the forthcoming New Radio (NR)-based URLLC, to meet

these application demands [4,5]. However, a number of emerging applications, such

as smart grids, presence monitoring, and remote light control, are beginning to fall

between these two extremes [4, 6, 7]. These applications require stricter delay and

loss performance than mMTC, yet are still less demanding than URLLC. Moreover,

for these applications, reliability and availability are more critical concerns than

power consumption.

Smart grids stand out as one of the most challenging use cases among the ap-

plications considered. These applications not only demand a signi�cant extension

of communication range and latency requirements but also require EDs to main-

tain continuous connectivity with the network in an Radio Resource Control (RRC)

connected state, with regular polling of the EDs at speci�ed intervals [9]. This op-

erational pattern leads to batch arrivals at the air interface, signi�cantly increasing

latency and thereby violating 5G mMTC requirements [10, 11]. A key requirement

for the communication infrastructure is determined by the reading patterns set by

the Head-end System (HES), the management system used by electricity distrib-

utors. Typically, these reading requests occur at intervals ranging from 15 to 60

minutes [58].

However, unexpected on-demand readings or remote management tasks may

arise during critical failures, such as a power grid overload. These atypical situa-

tions demand low latency for downlink communication and necessitate permanent,

two-way connectivity between the EDs (electricity meters) and the HES[12�14].
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To enhance reliability and standardize ED design, solutions incorporating multiple

LPWAN interfaces have been proposed[15, 16, 60]. However, the ability to operate

across multiple interfaces introduces the challenge of selecting the optimal RAT to

minimize latency at the air interface [58].

1.5 Multi-RAT Approach for mMTC

In the previous section (1.4), we discussed the necessity for optimizing EDs to en-

sure energy and cost e�ciency while maintaining communication capabilities even in

challenging conditions, such as signal dead zones. This section explores potential so-

lutions to these challenges within B5G networks, as well as in emerging deployment

scenarios for smart meters and public transportation tracking in the Czech Repub-

lic. Implementing Machine Learning (ML) methods on the devices o�ers promising

mechanisms to enable EDs to dynamically optimize their operations [25, 61, 62].

However, the challenge lies within the devices themselves, as many are constrained

and cannot support the complexity of deep learning algorithms [61]. A potential

solution to this computational complexity is the use of a digital twin for the de-

vice, as suggested in [25]. Another approach to optimizing communication delay,

cost, and power e�ciency involves implementing Multi Radio Access Technologies

(Multi-RAT) with predictive handover for a single RAT or predictive switching be-

tween RATs, where the integration of ML techniques could further enhance seamless

communication.

Although wireless communication technologies have advanced considerably over

the past decade, the performance demands of diverse massive mMTC use cases have

increased even more rapidly. As a result, no single RAT available today can fully

meet the challenge of providing energy-e�cient, reliable, secure, and versatile devices

with ubiquitous connectivity. This has led to the emergence of the Multi-RAT

devices' concept within the context of next-generation communication technologies

(5G and B5G).

Over the past decade, the concept of IoT has evolved to enable ubiquitous ma-

chine connectivity. However, the growing volume of data transmitted over wireless

networks, coupled with the constant demand for reduced costs and enhanced op-

erational performance, highlights the limitations of legacy cellular systems, which

cannot meet all these requirements, even in theory [63]. The smart city scenario

is particularly challenging in this regard due to the wide range of applications and

services it encompasses, while also needing to integrate with several existing legacy

connectivity technologies already in place [64].

The question is whether the next-generation (heterogeneous) systems known as

5G can act as enablers for new communication use cases in the mMTC scenarios im-
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possible to realize with traditional communication technologies, that is, Second Gen-

eration Cellular Networks (2G) / Third Generation Cellular Networks (3G) / Fourth

Generation Cellular Networks (4G). These technologies are inherently designed and

optimized for H2H communication, which has certain drawbacks for M2M tra�c.

Here, LPWAN technologies primarily targeted at mMTC have entered the game. As

the situation stands right now, the majority of the available LPWAN technologies,

for example, Long Range Wide Area Network (LoRaWAN), Sigfox, IEEE 802.11ah,

and IEEE 802.11p, represent the non-3GPP RATs. To open the door for inter-

operability between the 3GPP (NB-IoT and LTE Cat-M) and non-3GPP systems,

Non-3GPP InterWorking Function (N3IWF) was introduced, enabling access to 5G

Core Network (CN) [65].

Due to the distinctive features presented by each LPWAN technology currently

available, the development of a multifunctional device integrating components such

as sensors, actuators, and aggregation gateways is a promising approach to cater

to the demands of next-generation IoT devices that will function in the emerging

5G and B5G networks [66]. It is worth noting that the concept of integrating

multiple RAT transceivers on a single board has been explored before [67]. Presently,

several chip manufacturers o�er their solutions, providing both short- and long-range

communication capabilities [68, 69]. However, the existing chipsets do not support

the integration of the latest LPWAN technologies (3GPP and non-3GPP) on a single

chip.

Regardless of signi�cant advancements in recent years, the communication re-

quirements for IoT devices continue to grow more demanding, particularly concern-

ing the desired Quality of Service (QoS), Capital Expenditures (CAPEX), Opera-

tional Expenditures (OPEX), and energy e�ciency. LPWAN technologies o�er an

e�ective solution for meeting the needs of mMTC applications. However, despite

their shared objectives, the technical approaches across di�erent LPWAN RATs dif-

fer. As illustrated in Table 1.1 and discussed earlier, there are notable di�erences

between the LPWAN RATs.

Even though all major Low-Power Wide Area Network (LPWAN) technologies

o�er exceptional communication ranges, they may have other limitations. For in-

stance, license-exempt technologies are subject to stringent duty-cycle regulations,

which can result in a higher likelihood of outages due to interference [58]. Con-

versely, licensed technologies like Narrowband IoT (NB-IoT) and LTE for Machines

(LTE Cat-M) are not bound by these limitations, but they do have their own set

of challenges. The most crucial factor to consider is the equilibrium between the

necessary throughput and power consumption [70].

One possible solution to attain this balance is to implement multiple radio inter-

faces on a single ED for enhanced capacity via load balancing and improved network
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availability [70]. However, the question arises as to which RAT should be utilized

for data transmission at a speci�c time. When considered from the radio interface

viewpoint, Multi-RAT EDs can be categorized into three groups [58]:

ˆ Parallel: In this mode, the EDs communicate over multiple radio interfaces si-

multaneously. This is commonly seen in modern smartphones, which combine

cellular connectivity with Wireless Fidelity (WiFi) to enhance overall through-

put and reliability. However, this solution comes with increased computational

power and electrical energy requirements, as well as a higher cost for EDs with

the ability to handle multiple data pipelines.

ˆ Selective: Although there are multiple radio interfaces, only a single interface

can be utilized at a time. It may sound counterintuitive, but such an ED still

provides higher connection versatility owing to the di�erent spatial coverage of

onboard technologies. Additionally, such an ED may provide the best battery

life, reliability, throughput, and communication latency by selecting the most

suitable radio interface at a given time. Choosing a proper radio interface

requires employing an appropriate selection algorithm that requires additional

computing requirements. Compared to the parallel mode, selective Multi-RAT

EDs are cheaper options with lower computational demands. A major part

of the radio circuitry can be shared among di�erent technologies, allowing for

further cost reduction.

ˆ Combined: This mode of operation o�ers a level of parallel processing that

falls between the aforementioned two categories. Although the radio interfaces

are not fully utilized, the network synchronization can still be established and

maintained by all interfaces, with only one being used for data transmission.

This enables these types of EDs to switch between low-power and more pow-

erful technologies based on the type of tra�c, without compromising perfor-

mance. It is important to note that the complexity of such EDs is higher than

in selective mode but still lower than in parallel mode.
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2 Aim of the Habilitation Thesis

Research aim of this habilitation thesis concerns optimizing the capacity of the

mMTC cellular IoT network and enhancing end devices, aligns well with current in-

dustry trends. The global CIoT connections are projected to signi�cantly increase,

with a substantial growth driven by the adoption of cellular connectivity across var-

ious sectors such as utilities, automotive, industrial, retail, and healthcare. This

growth emphasizes the need for research into improving the performance and ef-

�ciency of IoT technologies, including LPWA technologies like NB-IoT and LTE

Cat-M, which are pivotal for applications like smart metering.

This research focuses on performance characteristics, implementation challenges,

and speci�c enhancements required for modern IoT applications, all of which are

critical in the context of the ongoing development and deployment of 5G and future

6G networks. This alignment suggests that this research could contribute valuable

insights and solutions to the ongoing development of these technologies.

2.1 Research Objectives and Methodology

To achieve goals of this habilitation thesis,research objective(RO) has been given

with four correspondingresearch questions(RQx).

RO: The key research objective is related to the performance optimiza-

tion and capacity planning of the mMTC cellular IoT networks and possi-

ble enhancement of the end-device data transmission patterns / operational

modes in the case of emerging smart-grid scenarios.

This habilitation thesis aims to explore and advance the optimization of mMTC

cellular IoT network capacity and the enhancement of end devices in emerging IoT

use case of smart-grids. Central to this objective is the investigation into the de-

ployment feasibility of LPWA technologies, particularly NB-IoT and LTE Cat-M, in

demanding smart-grid applications, which presents more demanding requirements

for transmission delay and type of tra�c than initially anticipated.

ˆ RQ 1 : What are the speci�c communication characteristics and performance

limitations of current sub-6 GHz cellular technologies in emerging communi-

cation use-cases, such as smard-grids, and where do the most signi�cant gaps

exist?

Obtaining a comprehensive understanding of the practical performance of

currently deployed sub-6GHz technologies, such as LPWA technologies Lo-

RaWAN, NB-IoT, and LTE Cat-M, is crucial in determining their suitability

for various applications. This question aims to investigate which use cases
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are feasible and whether there is a necessity for optimization to ensure their

successful implementation. Smart-grids, which require permanent connectiv-

ity and stochastic data tra�c, are mentioned as a key use-case where these

technologies are applicable.

ˆ RQ 2 : To what extent do NB-IoT and LTE Cat-M communication technologies

meet the evolving requirements of future smart-grids applications, and what are

their limitations?

This question delves into the suitability of NB-IoT and LTE Cat-M technolo-

gies for smart-grids applications, which are becoming increasingly sophisti-

cated. It seeks to assess how well both technologies adapts to the speci�c

needs of smart-grid, such as long-range communication, reliable data trans-

mission and delay tolerances. The exploration includes an analysis of the

inherent limitations of NB-IoT and LTE Cat-M in this context, such as band-

width constraints, latency issues, or any potential challenges in scalability and

interoperability with existing infrastructures. This understanding will help

in identifying areas where both technologies may need enhancement or adap-

tation to e�ectively serve the burgeoning demands of smart-grids in the IoT

landscape.

ˆ RQ 3 : What are the e�ective strategies to improve the performance of cellu-

lar technologies NB-IoT and LTE Cat-M to meet the continuous connectivity,

transmission reliability, security, and communication delay demands of smart-

grids applications?

This inquiry focuses on identifying and developing strategies to enhance the

performance of NB-IoT and LTE Cat-M, predominant LPWA technologies,

speci�cally for smart-grids applications. It involves exploring various techni-

cal and network optimization strategies, such as advanced optimized tra�c

management algorithm considering coexistance of regular sensoric tra�c with

stochastic tra�c of smart-grid applications. The goal is to re�ne this technol-

ogy to ensure e�ective provision of continuous connectivity, transmission reli-

ability, and communication delay. The research will also consider how these

enhancements can be implemented within the existing cellular infrastructure,

evaluating their feasibility, and potential impact on the overall network per-

formance.

ˆ RQ 4 : What speci�c performance / communication enhancements in CIoT

technologies are necessary to meet the unique requirements of contemporary

smart-grid systems if synergistically combined in Multi-RAT for optimal oper-

ation?

The research inquiry aims to explore the feasibility of implementing Multi-RAT

through the use of NB-IoT and LTE Cat-M technologies to address emerging
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smart-grid applications. Speci�cally, the investigation seeks to determine how

to e�ectively balance the load between these two technologies, with one serving

as the primary and the other as the backup, while ensuring that the optimal

number of devices are utilized without compromising the requirements of the

smart-grid.

ˆ RQ 5 : What are, based on the �ndings from RQ1 � RQ4, the proposed en-

hancements toward the upcoming 6G cellular systems for the mMTC commu-

nication scenarios?

This question is related to future research steps, supported by the outputs

presented from RQ1 � RQ4. Speci�cally, the investigation seeks to determine

the evolution of the currently deployed Terrestrial Networks (TN) to enable

communication using Non Terrestrial Networks (NTN). This research question

also considers the possibility of semantic communication being the advertised

game changer as the part of the Sixth Generation Cellular Networks (6G) for

the optimization of data transmissions when deploying mMTC use-cases.
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3 Cellular Technologies for Smart-Grids

This chapter begins with a comprehensive review of mobile system history, delin-

eating the developmental trajectory from obsolete mobile systems to the latest tech-

nological advancements of 5G, while also addressing future innovations. The initial

section of the chapter primarily focuses on key technological improvements, high-

lighting the M2M communication direction, and is subsequently expanded upon with

a technical overview and roadmap of the wireless IoT technologies of NB-IoT and

Enhanced Machine-Type Communication (eMTC). The �nal section of the chapter

is devoted to the deployment guidelines of both technologies and their comparison

in their current form as implemented in 3GPP Release 13 and 14, with a brief dis-

cussion of the anticipated improvements in Release 15, which not only adhere to

the 3GPP's de�nition in its entirety but also exclude features that lack practical

applicability.

3.1 From Legacy Cellular Networks Towards Hetero-

geneous 5G Ecosystem

In accordance with the aforementioned information, the creation of advanced het-

erogeneous systems for B5G requires combining various technologies to meet speci�c

service needs. These technologies can be categorized by their frequency spectrum.

The standard classi�cation includes the FR1 range, covering low (sub-GHz) and mid

(1 �7 GHz) frequencies, and the FR2 range, encompassing high frequencies (above

7 GHz). Frequencies exceeding 6 GHz are appropriate for accurate positioning and

short-to-mid-range data transmissions due to high propagation losses. They also

support high data rates through high-order modulations and up to 100 MHz trans-

mission Bandwidth (BW), making them suitable for eMBB applications. However,

these frequencies lack the necessary capabilities for wireless IoT use cases discussed

in this thesis, which require high data throughput of less reliable and robust commu-

nication schemes for data streaming. Mid-band frequencies, used in previous mobile

systems from 2G to 4G, o�er a balance between coverage and data throughput. Yet,

as industry requirements shift towards end-to-end connectivity, sub-GHz frequen-

cies emerge as the most suitable option. Technologies such as the LPWA sub-group

from the mMTC group (mobile IoT), which use sub-GHz frequencies, have gained

traction in the market over the past decade. While this study concentrates on long-

range technologies providing end-to-end connectivity and primarily star topology

deployment, it's important to note that for smart home or industry scenarios with

aggregation points, short/mid-range technologies like WiFi, Bluetooth Low Energy

(BLE), Zigbee, MAtter, or WiSUN may be considered. [25,81].
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As noted earlier, employing frequencies below 6 GHz or even sub-GHz o�ers

clear bene�ts for mMTC. To provide a comprehensive overview of wireless mo-

bile network evolution, the following text examines the transition from traditional

human-focused 2G systems to diverse 5G networks. While this description covers all

major 5G system improvements, including those using frequencies above 6 GHz, an

in-depth discussion of these enhancements is outside this study's scope. Instead, the

focus is on a particular category of sub-GHz cellular IoT systems, known as LPWA

technologies, and their distinctive characteristics.

3.1.1 Recap of the Development of Cellular Systems

Currently, the IoT market, especially in mobile smart metering, is predominantly

dominated by older 2G systems. These include Global System for Mobile Commu-

nication (GSM), enhanced by GPRS, which o�ers data speeds up to tens of kilobits

per second (kb/s), and the subsequently introduced Enhanced Data rates for GSM

Evolution (EDGE) technology. Enhanced Data rates for GSM Evolution (EDGE)

employs eight-state Phase Shift Keying (PSK), boosting data rates to a maximum

of 200 kb/s. This technology is more appropriate for smart metering needs than

4G in terms of simplicity, expense, communication reliability, and data transfer

rates. However, it lacks critical security enhancements and other improvements.

Consequently, 2G IoT usage is decreasing, with projections indicating its complete

elimination within the next ten years [71,82,83].

Currently, the most prevalent mobile network technology is the fourth generation,

known as 4G. This network generation o�ers a consolidated telecommunications

service provision, primarily founded on the Internet Protocol (IP) and utilizing

packet-oriented communication. The 4G infrastructure has eliminated base station

controllers and incorporated a novel access solution called Orthogonal Frequency-

Division Multiple Access (OFDMA). With its streamlined infrastructure consisting

of a single element on the access network side (evolved Node B (eNodeB)), this

system achieves low latency in the range of tens of milliseconds, making it suitable

for real-time services [71,84,85].

3GPP Release 8 laid the groundwork for LTE, but it wasn't until Release 10

(Long Term Evolution Advanced (LTE-A)) that the genuine 4G network emerged,

boasting data speeds exceeding 1 Gb/s. This milestone was accomplished through

the implementation of Carrier Aggregation (CA), which underwent further re�ne-

ment in Release 11. Subsequent improvements included the incorporation of Multiple-

Input Multiple-Output (MIMO) techniques in both Uplink (UL) and DL, the intro-

duction of new frequency ranges, and the development of self-optimizing networks

to enhance mobile broadband service delivery focused on user experience [71,84,85].
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In the realm of smart metering, current legacy 4G technologies primarily utilize

LTE categories 1 or 1-bis, which adequately ful�ll smart meter requirements. These

solutions leverage established infrastructure and bene�t from the cost-e�ectiveness

of category 1 devices. Nevertheless, emerging cellular IoT or 5G IoT standards

demonstrate signi�cant advantages over these legacy 4G technologies in various as-

pects, including long-term support, device connectivity capacity, power e�ciency,

communication budget, and additional features [71,84,85].

3.1.2 Initial Implementations of 5G Body

Before the introduction of 5G systems, mobile networks were designed primarily

for human-to-human communication. The transition towards M2M communication

began with the introduction of 3GPP Release 10. Although this technology was in-

troduced, the mobile network standards de�ned by 3GPP are not yet available. The

need for e�ective, energy-e�cient, and reliable transmission of low-data-rate infor-

mation at low frequencies has led to the development of various long-range wireless

technologies. As a result, with the rise of 5G and LPWAN's, these older technologies

have become less prevalent and are now only used in speci�c applications. [86,87].

Release 13 of the 3GPP introduced groundbreaking techniques and improve-

ments to support mMTC services, enabled by advanced technologies like NB-IoT

and eMTC. These advancements encompassed energy-e�cient operating modes, en-

hanced communication methods utilizing repetitions and resilient modulation and

coding schemes, and a simpli�ed protocol stack that maintains compatibility with

and can be deployed on existing 4G infrastructure. Furthermore, Release 14 main-

tains its focus on enhancing mMTC for seamless integration with future 5G sys-

tems. [81].

Release 15 marked a signi�cant shift in priorities, with the focus moving to

eMBB, another aspect of 5G verticals. This release introduced Non-StandAlone

(NSA) 5G, utilizing frequency carriers below 6 GHz (3.4 to 3.6 GHz) and bandwidth

up to 100 MHz, resulting in improved data throughput. The non-standalone deploy-

ment indicates that while the radio access network is new, the core network and

signaling still rely on 4G infrastructure. Subsequent releases after Release 15 trend

towards eMBB evolution, introducing pure standalone 5G that uses frequency carri-

ers in the spectrum up to several tens of GHz (up to 52.6 GHz), known as mmWaves.

Additionally, Release 15 introduces basic NR URLLC support, which is further en-

hanced in later releases. This development could enable use-cases such as VR or

AR, facilitated by small-time units, edge-computing, and network slicing mecha-

nisms that provide extremely low latency and high reliability [25,64,66,68,86,88].

Release 16 transitions from a primary focus on eMBB to addressing industrial

43



applications. It introduces the integration of mMTC technologies, speci�cally NB-

IoT and eMTC, into the 5G core, enabling 5G IoT with enhanced IIoT capabilities.

Additionally, Release 16 delivers the anticipated Non-Public Networks (NPN), tar-

geting private corporate infrastructures as an alternative or competitor to WiFi 7

or Ultra-Wide Band (UWB). The comprehensive 5G NPN package in Release 16

combines the strengths of both competitors while surpassing them with additional

improvements in areas such as mobility, security, network resilience, data through-

put, and low latency. To address the environmental challenges in radio propagation

associated with high frequencies in 5G, particularly Frequency Range 2 (FR2), Re-

lease 16 introduces a new type of wireless distributed infrastructure called Integrated

Access/Backhaul (IAB) [25,64,66,68,86,88].

3.1.3 Innovations of 5G Cellular Systems and the Transition To-

ward 6G Deployments

Release 17 introduces three signi�cant advancements. In addition to eMBB im-

provements through the utilization of FR2 frequency spectrum extending to 71 GHz

for mmWaves, it presents a new major communication technology called NR-Light,

also known as Reduced Capacity (RedCap). This technology serves as a versatile so-

lution for all 5G applications, combining features from the three 5G pillars: eMBB,

URLLC, and mMTC. It is particularly suitable for intermediate use-cases such as

advanced smart meters and wearable devices. The third major enhancement in

Release 17 is the introduction of cost-e�ective and less complex mobile-to-satellite

communication through non-terrestrial networks, supporting both high-throughput

NR and robust IoT (eMTC/NB-IoT). As of the completion of this habilitation the-

sis (08/2024), Release 18 was the most recent fully de�ned release. It not only en-

hanced previous releases but also introduced the �rst Arti�cial Intelligence (AI)/ML

improvements to the physical layer of the 5G Radio Access Network (RAN) stack,

along with support for NR Unmanned Aerial Vehicle (UAV) and enhancements for

the National Security and Public Safety (NSPS) vertical. With Release 18, the

3GPP organization enters the 5G Advance phase. The upcoming Release 19 is in

its initial study stage, laying the groundwork for 6G, which is expected to arrive in

3GPP Release 21 [25,64,66,68,86,88].

Overall continuous 5G evolution based on standardisation of 3GPP releases is as

illustrated in Fig. 3.1. The next steps in the evolution in 3GPP body from 3GPP

Release 19 are expected to be a in further enhancements of Non Terrestrial Net-

works (NTN)s and next phase of AI/ML adoption in the 5G advance networks.

Early studies of this release also indicates support of metaverse in enhanced Ex-

tended Reality (XR) use-cases or NR-enables wake-up-signal wake-up-receivers and
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ability powered IoT devices further going toward green IoT and sustainable mobile

networks. [25,64,66,68,86,88].

The ongoing development of 5G technology, based on 3GPP release standards,

is depicted in Fig. 3.1. Future advancements in 3GPP, starting from Release 19,

are anticipated to focus on enhancing Non Terrestrial Networks (NTN)s and ex-

panding the integration of AI/ML in Fifth Generation Cellular Networks (5G)

advanced networks. Preliminary studies of this release also suggest support for

metaverse applications through improved Extended Reality (XR) use-cases, NR-

enabled wake-up-signal wake-up-receivers, and the capability to power IoT devices,

further progressing towards environmentally friendly IoT and sustainable mobile

networks [25,64,66,68,86,88].

Fig. 3.1: 5G and beyond evolution from the perspective of 3GPP releases. [89].

3.2 Evolution of the 5G-IoT for mMTC

The concept of the IoT has in�uenced the development of Machine-Type Com-

munication (MTC) for energy-e�cient devices such as sensors, servers, and data

processing systems. It has become clear that conventional wired and wireless com-

munication technologies, including 2G, 3G, and 4G, are inadequate for handling

data transmissions with the required QoS. For IoT and Industry 4.0 applications,

the main priority is dependable communication over long distances rather than high-

speed data transfer. As a result, a speci�c set of technologies known as LPWA has

emerged and gained traction in the last ten years. These technologies are capable

of transmitting small data packets over extended ranges while consuming minimal

power, making them particularly suitable for IoT and Industry 4.0 applications

s [90�92].
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The main goal of LPWA technologies is to deliver an a�ordable, power-e�cient,

and expandable answer for MTC or mMTC. Current LPWA technologies can be

divided into two principal categories based on their frequency spectrum usage: those

requiring licenses and those that are license-free. The former category encompasses

technologies de�ned by the 3GPP NB-IoT and IoTemtc, which constitute the mobile

IoT group. The latter category includes various technologies operating in unlicensed

frequency bands, with LoRaWAN being the most notable example. As license-

exempt technologies share the frequency spectrum with diverse systems that are not

time-synchronized, interference may arise [93]. Nevertheless, this study primarily

concentrates on mobile IoT technologies due to their momentum in the industry.

NB-IoT and eMTC, two key LPWA technologies, have emerged as crucial ele-

ments in the 5G cellular system landscape. These technologies were initially de�ned

in Release 13 by the 3GPP and incorporated into the existing LTE framework. They

were developed as alternatives to established long-range communication solutions

like LoRaWAN and Sigfox. Both technologies are based on the 3GPP LTE stan-

dard but include additional features speci�cally tailored to meet the requirements of

the industrial sector and demanding data transmission needs. Unlike technologies

such as LoRaWAN, Sigfox, and Wireless M-BUS, which operate on license-exempt

frequency bands, the 3GPP cellular technologies for IoT and Industry 4.0 employ

dedicated (licensed) frequency spectrums, similar to those used in fourth-generation

cellular systems [94,95].

The formal incorporation of both technologies into the 5G framework was estab-

lished in 3GPP Release 15, with actual implementation in 5G systems taking place

in Release 16. Each subsequent 3GPP release expands the feature set, addressing

new requirements for uncomplicated, performance-constrained, battery-operated de-

vices necessitated by anticipated communication scenarios. Mobile IoT technologies

enable various applications, including remote monitoring and measurement, asset

location tracking, real-time surveillance, intelligent metering, and information col-

lection [96,97].

3.3 Narrowband Internet of Things

In contrast to traditional LTE systems designed for H2H communication, NB-IoT

introduces revolutionary features such as expanded coverage, improved power-saving

capabilities, and a streamlined set of functions. These advancements allow NB-IoT

to establish connections with devices in challenging locations and provide extended

battery life while simplifying device complexity [98]. By 2018, NB-IoT had emerged

as the leading cellular technology for remote metering across Europe, as the IoT

landscape continued to develop [71,72,99].
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NB-IoT is speci�cally engineered to meet LPWANs requirements, including cov-

erage extension up to 164 dB (a 20 dB improvement over conventional LTE sys-

tems), battery longevity exceeding ten years, and communication latency under 10

seconds. Utilizing LTE numerology, NB-IoT can be implemented within the same

frequency band as existing LTE, occupying a 180 kHz spectrum segment (equiva-

lent to one Physical Resource Block (PRB)) in in-band mode. This mode segments

the spectrum into channels with 3.75 kHz (uplink only) or 15 kHz (both uplink

and downlink) spacing to accommodate both extreme coverage and high uplink ca-

pacity, considering the narrow spectrum deployment. Additionally, NB-IoT can be

deployed in the LTE guard band or a standalone GSM channel, as illustrated in

Fig. 3.2 [92,100�102].

Fig. 3.2: The possible NB-IoT deployments.

3.3.1 Coverage Enhancements

The primary goal of LPWAN is to broaden coverage, which NB-IoT accomplishes

mainly through the use of low-rate MCS and repetitions. The Narrowband Physical

Random Access Channel (NPRACH), which employs single-tone transmission with

frequency hopping and a 3.75 kHz subcarrier spacing, can utilize up to 128 repe-

titions. Moreover, formats 0 and 1, with cyclic pre�xes of 66.67� s and 266.7� s

respectively, enable cell radii of up to 10 km and 40 km. Uplink transmissions via

Narrowband Physical Uplink Shared Channel (NPUSCH) can also leverage up to 128

repetitions. NPUSCH utilizes either 3.75 or 15 kHz spacing with�= 2-Binary-Phase

Shift Keying (BPSK) or �= 4-Quadrature Phase Shift Keying (QPSK) modulated

signals to minimize the Peak-to-Average Power Ratio (PAPR) in single-tone mode.

Alternatively, it can employ 15 kHz spacing with QPSK modulation in multi-tone
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mode. NPUSCH supports up to 1000 bits Transport Block (TB) in Release 13 and

incorporates a Demodulation Reference Signal (DMRS) for channel estimation in the

frequency domain. In contrast to the uplink, which comprises NPRACH and Nar-

rowband Physical Uplink Shared Channel (NPUSCH) signals, the downlink frame

structure encompasses up to eight distinct signals/channels, each with 15 kHz spac-

ing and QPSK modulation, supporting a maximum TB of 680 bits [91], [92], [103].

As previously stated, the fundamental concept of extended coverage revolves

around repetitions. However, the broader range comes with an increased latency,

which can quickly surpass the 10 second limit when the message exceeds the actual

TB size. To adress this issue, NB-IoT introduces three Enhanced Coverage Level

(ECL) classes that de�ne the TB sizes and maximum number of repetitions for each

channel. These classes are illustrated in Fig. 3.3, where the system moves to the

appropriate ECL based on threshold values. The Reference Signal Receive Power

(RSRP) and Signal to Interference plus Noise Ratio (SINR) values determine these

threshold levels, and it is important to note that the ECL values can be adjusted

according to network operator requirements, as shown in the example provided [91].

As mentioned earlier, repetitions form the core principle of extended coverage.

However, this expanded range comes at the cost of increased latency, which can

quickly exceed the 10-second threshold when the message surpasses the actual TB

size. To tackle this challenge, NB-IoT introduces three Enhanced Coverage Level

(ECL) classes that specify the TB sizes and maximum repetition counts for each

channel. Fig. 3.3 illustrates these classes, depicting how the system transitions to

the appropriate ECL based on speci�c threshold values. These thresholds are de-

termined by Reference Signal Receive Power (RSRP) and Signal to Interference

plus Noise Ratio (SINR) measurements. It's worth noting that network operators

can adjust ECL values to suit their requirements, as demonstrated in the example

provided in [91].

Fig. 3.3: Coverage enhancement levels [30].
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3.3.2 Power Consumption Enhancements

NB-IoT communication technology is derived from LTE and its protocols, which

have been signi�cantly simpli�ed. However, the signaling in early 3GPP Releases

13 and 14, which includes a complete random access procedure and unrelaxed cell

measurements, remains relatively energy-intensive. Nevertheless, enhanced energy

e�ciency is achieved through power-saving modes outlined in 3GPP Releases 12 and

13, which allow for extended paging periods or even complete deactivation of the

radio interface [81].

One such power-saving mechanism is PSM, where the device deactivates its radio

components and maintains only the Real Time Clock (RTC) while entering a deep-

sleep state for a duration speci�ed by timer T3412. Although the device remains

registered with the mobile network, it must periodically (upon timer expiration)

communicate with the Base Station (BS) via a Tracking Area Update (TAU) mes-

sage. Subsequently, the device is only accessible during brief, periodic intervals of

activity determined by timer T3324 [104,105].

The second approach is extended Discontinuous Reception (eDRX), allowing the

device to check for incoming messages at set intervals ranging from 2.56 s to roughly

3 hours. However, when connecting to a network or sending data, the NB-IoT radio's

power usage increases due to extensive signaling and high transmission power (up

to 23 dBm for UE power class 3), potentially leading to substantial current draw

(possibly reaching 300 mA at peak for a 3.3 V system). As a result, numerous

improvements and new features have been integrated into NB-IoT in recent years

(such as the Early Data Transmission (EDT) mechanism in Rel. 15) [25,104,105].

The NB-IoT process, with its power consumption illustrated according to 3GPP

Release 13, is shown in Fig 3.4, which includes the remaining NB-IoT channels used

before data transmission. In particular, the Narrowband Reference Signal (NRS)

is utilized to assess download channel conditions necessary for measuring signal

strength and quality.

Additionally, Narrowband Primary Synchronization Signal (NPSS) and Narrow-

band Secondary Synchronization Signal (NSSS) are utilized to align UE with NB-IoT

cell. These systems allow UE to identify the Physical Cell Identity (PCI) through

a synchronization algorithm during initial acquisition, without prior knowledge of

deployment mode, using an 80 ms repetition interval in speci�c subframes. The

Master Information Block (MIB) is then broadcast via the Narrowband Physical

Broadcast Channel (NPBCH) every 10 ms. In comparison, the System Informa-

tion Block (SIB), along with UL grant and DL scheduling details, are transmitted

through a Narrowband Physical Download Control Channel (NPDCCH) with a basic

Transmission Time Interval (TTI) of 1 ms. The actual unicast data from eNodeB
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Fig. 3.4: Illustration of operational modes for CIoT communication technology NB-
IoT according to the 3GPP release 13,i.e., (i) TAU, (ii) IDLE with (e)DRX, (iii) PSM
and (iv) data transmission [34].

to EU is sent via a Narrowband Physical Downlink Shared Channel (NPDSCH).

Packets from the upper layer are divided into one or more TBs and transmitted in

sequence [91,103,106,107].

3.3.3 Data Transmission Optimizations

Cellular IoT aims to reduce signal overhead, particularly in the RAN, to enable a

single eNodeB to support multiple UEs. To address this, Release 13 introduced

Evolved Packet System (EPS) optimization for cellular IoT in both the Control

Plane (CP) and User Plane (UP). These optimizations were further enhanced by

implementing an Attach procedure without a Packet Data Network (PDN) context.

This improvement allows UEs to maintain an inactive connection state for extended

periods with minimal data exchange in RAN areas experiencing congestion [71,107�

109].

3.3.3.1 User Plane Optimization

The NB-IoT system introduces the RRC Resume Procedure, which follows an initial

RRC connection that sets up radio bearers and the Access Stratum (AS) security

context. When in the RRC Idle state, the UE maintains the context at the UE,

eNodeB, and Mobility Management Entity (MME) levels, using it to reestablish

the connection when new data needs to be transmitted, as shown in Fig. 3.5. To

reactivate the context, the UE must supply the Resume ID, which the eNB uses to
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retrieve the stored UE information. This allows the UE to avoid repeating the AS

security setup and RRC recon�guration for each data transmission. Data transfer

is streamlined through the use of a user plane, enabling subsequent communication

via data paths. As a result, the RRC Resume Procedure can be applied to both

brief and extended data exchanges [81,107,108].

Fig. 3.5: NB-IoT: User Plane Optimization [30].

3.3.3.2 Control Plane Optimization

This enhancement allows the UE to employ CP for sending data packets embedded

within Non-Access Stratum (NAS) signaling messages to the MME. As a result,

the UE avoids the need for AS security con�guration and UP bearer establishment

(Fig. 3.6). This method is particularly e�ective for transmitting small amounts of

data. Additionally, to reduce communication overhead and decrease power usage,

Non-IP Data Delivery (NIDD) over CP has been implemented [99,107,108].

Fig. 3.6: NB-IoT: Control Plane Optimization [30].

51



It is important to note that NB-IoT, as de�ned in 3GPP Release 13, o�ers limited

mobility through cell reselections in RRC Idle mode only, without the capability for

handovers. Additionally, localization options are constrained, allowing only Timing

Advance (TA)-based localization methods, which are readily accessible without re-

quiring extra hardware or �nancial investment. These methods rely on a database of

BS coordinates and frequent radio communication to adjust Timing Advance (TA)

values. Such characteristics make them appropriate for IoT applications that do not

require high precision. [71,99,107,108].

3.3.4 NB-IoT 3GPP Release 14 Advancements

Building on the foundation established in Release 13, 3GPP Release 14 introduced

several key enhancements to NB-IoT and the new �Category NB2� [71].

3.3.4.1 UE Power Class (PC) 6, Paging and Random Access on Non-anchor

Carriers

Release 14 brought about major improvements in coverage and power e�ciency,

particularly through the introduction of a novel UE power class with a peak out-

put of 14 dBm. This new feature meets the needs of power-limited devices and

allows for more e�ective use in urban environments with high base station den-

sity. Additionally, Release 14 integrated support for paging and random access

operations on non-anchor carriers, thus increasing �exibility and boosting network

e�ciency [71,72,99].

3.3.4.2 Release Assistance Information (RAI)

In terms of data transmission and radio resource usage, key features were imple-

mented for CP optimization through RAI in NAS signaling. This system allows the

UE to notify the MME that no further data transmissions are expected, and only

one downlink data transmission following this noti�cation is anticipated. Conse-

quently, the MME can swiftly initiate the release process, thus decreasing the time

the UE spends waiting for potential data transmissions [71,72,99].

3.3.4.3 Single-cell Point-to-Multipoint (SCPTM) Multicast, Enhanced Data

Transmission

Release 14 introduces two key improvements to data transmission. The �rst enhance-

ment boosts NB-IoT UE peak data rates, expanding the technology's e�ciency and

applicability across a broader range of uses. This is accomplished by increasing the

Transport Block Size (TBS) to 2536 bits in both UL and DL shared channels, along
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with implementing additional Hybrid Automatic Repeat Request (HARQ) (up to

two HARQ possible). As a result, peak data rates rise from 62 kbps to 159 kbps in

the UL and from 27 kbps to 127 kbps in the DL. The second major improvement

involves the implementation of multicast downlink transmission using the SCPTM

feature. This capability allows for e�cient distribution of identical data to multiple

devices, proving particularly bene�cial for applications such as �rmware updates

and broadcast services [71,72,99].

3.3.4.4 Improved Positioning, Connected-mode Mobility

Release 14 brings several advancements to positioning services, which employ En-

hanced Cell-ID (E-CID) and Observed Time Di�erence of Arrival (OTDOA) meth-

ods. The E-CID positioning technique improves the accuracy of the TA-based ap-

proach by incorporating additional measurements like Narrowband Reference Sig-

nal Received Power (NRSRP) and Narrowband Reference Signal Received Quality

(NRSRQ). This improvement is particularly valuable for applications that require

precise location information, such as asset tracking and navigation. While these

enhancements o�er greater accuracy compared to the Release 13 method, they still

fall short of 5G NR techniques due to NB-IoT communication delay limitations and

restricted bandwidth. Additionally, Release 14's connected-mode mobility feature

enhances UE mobility, supports handovers, and ensures devices maintain optimal

performance in highly dynamic environments [71,72,99].

3.3.4.5 Relaxed Reselection Monitoring

Release 14 introduces a novel approach to cell reselection in NB-IoT, aimed at mini-

mizing power usage in IoT devices. Traditional cell reselection methods often require

regular evaluations of nearby cells, which can be power-intensive. The new relaxed

monitoring technique reduces both the regularity and scale of these evaluations,

allowing devices to extend battery life while maintaining stable connectivity. This

innovation is especially bene�cial for stationary or semi-stationary IoT devices, such

as smart meters and environmental sensors, which rarely change location [71,72,99].

3.3.5 NB-IoT 3GPP Release 15 Advancements

Release 15 of 3GPP focuses on minimizing delay and power usage. This version also

brought about enhancements in measurement precision, aiming to boost network

e�ciency and dependability. Additionally, 3GPP Release 15 incorporated upgrades

to improve the reliability and coverage of random access, which are crucial for device

connectivity and network accessibility [71,72,99].
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3.3.5.1 Support for Small Cells, Access Barring, and Time Division Duplex

(TDD)

Release 15 brought signi�cant improvements to enhance small cell support, enabling

greater network densi�cation and capacity. The addition of TDD support o�ered in-

creased �exibility in spectrum usage, allowing networks to adjust to changing tra�c

patterns. Additionally, enhancements to ECL access barring and eDRX mechanisms

were introduced to e�ectively regulate network access during congested periods and

optimize power-saving features [71,72,99].

3.3.5.2 Battery E�ciency Security for low Throughput (BEST)

BEST is a highly e�ective encryption method that enables data encryption with

minimal overhead, making it particularly well-suited for low-power IoT devices. It

shows remarkable e�ectiveness for control plane transmissions using 3GPP Authen-

tication and Key Agreement (AKA) symmetric cryptography. This improvement

ensures data security without signi�cantly a�ecting battery life, a crucial factor

for IoT applications where devices must function for extended periods with limited

power resources [71,72,99].

3.3.5.3 Scheduling Request (SR)

NB-IoT introduced an advanced SR system to enhance uplink data transmission ef-

�ciency. This improvement decreases latency and control signaling (communications

required for requesting uplink resources), facilitates intermittent data transmission,

and maximizes power e�ciency, making it particularly advantageous for IoT appli-

cations that demand long battery life and dependable data transfer. [71,72,99].

3.3.5.4 Reduced System Acquisition Time

Release 15 implemented strategies to minimize latency by enhancing BS search

procedures and system information acquisition across all operational modes. This

was achieved through (i) boosting the repetitions of NPSS/NSSS/NPBCH, reducing

false detections, and improving correlation properties; (ii) replicating SIB1-NB in

additional subframes or carriers to ensure robust system information delivery; and

(iii) introducing novel mechanisms such as Wake-Up Signal (WUS), allowing devices

to skip reading MIB-NB, SIB1-NB, and SI messages, thereby reducing time and

energy requirements for initial access and ongoing operations [71,72,99].
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3.3.5.5 Wake-Up Signal (WUS)

The WUS, introduced in 3GPP Release 15, improves WUSnbiot energy e�ciency

by allowing devices to stay in deep sleep until a speci�c eNodeB signal prompts

them to check the NPDCCH for paging. Without the WUS, devices skip paging

procedures, keeping hardware inactive for longer periods and saving energy needed

for NPDCCH and NPDSCH decoding. This simple signal is detected with minimal

energy use, and devices activate during coordinated windows, maximizing e�ciency

in sleep-active state transitions. Adjustable wake-up windows balance power use and

latency, extending battery life for IoT applications with sporadic data transmission,

such as basic smart meters and environmental sensors, making NB-IoT suitable for

long-term use [71,72,99].

3.3.5.6 Early Data Transmission (EDT)

The EDT mechanism has greatly enhanced frequency spectrum usage. In RRC Idle

mode, the UE can send messages during Message 3 (Msg3), also known as the RRC

EDT in EDT. After successful uplink transmission, the Random Access Procedure

(RAP) can be completed by the RRC Early Data Complete (EDC) message. This

message may contain downlink data, like application acknowledgments, preventing

the UE from entering a connected state unless the MME or eNB decides otherwise.

EDT uses a pre-con�gured set of NPRACH resources, and the reduced overhead is

shown in Fig. 3.7. The implementation of EDT and the new NPRACH scheme has

enabled the extension of coverage from the original 40 km de�ned in Release 13 to

100 km. [103,107,108].

Fig. 3.7: NB-IoT: Early Data Transmission [30].
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3.3.6 NB-IoT 3GPP Release 16 Advancements

Release 16 of 3GPP aims to integrate NB-IoT into 5G network architecture. This

integration allows NB-IoT to support new use cases and deployment scenarios an-

ticipated for 5G networks. Continuous improvements have been made to enhance

NB-IoT's overall performance, including its throughput, latency, and reliability. Fur-

thermore, new capabilities have been added to support emerging 5G applications,

such as mMTC IoT deployments and critical URLLC IoT. These upgrades ensure

that NB-IoT remains a viable and robust technology in the evolving 5G network

landscape [72,99].

3.3.6.1 Industrial Internet of Things (IIoT)

Release 16 primarily concentrates on URLLC IoT for manufacturing applications.

To meet Industry 4.0 requirements, a new vertical called IIoT was developed. This

IIoT vertical encompasses both mMTC and URLLC, o�ering support for indus-

trial protocols like Pro�net and implementing 5G Local Area Network (LAN)s for

industrial applications [72,99].

3.3.6.2 Grant-Free Access

This update introduced the capability for devices to transmit in RRC-Idle mode via

Msg3 (RRC connection request) without requiring an access grant, and in RRC-

Connected mode without a grant or with a simpli�ed control grant. This method

reduces energy consumption and decreases latency by limiting the need for excessive

signaling messages [72,99].

3.3.6.3 Simultaneous Multi-User Transmission

New techniques, such as Code Division Multiplexing (CDM) and Multi-Sser Multiple-

Input Multiple Outputs (MU-MIMO), have been implemented to enable concurrent

transmissions by multiple users through resource sharing in both time and frequency

domains. This was accomplished without the need for additional antennas [72,99].

3.3.6.4 Group WUS

Release 16 brought an improvement to the WUS mechanism, introducing Group

Wake-Up Signals (GWUS). This feature allows a WUS to activate a con�gurable

group of UEs instead of all UEs monitoring the same Paging Occasion (PO), leading

to enhanced power consumption e�ciency and longer battery life [72,99].
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3.3.6.5 Mobile Terminated Early Data Transmission (MT-EDT)

In Release 16, MT-EDT is introduced as an upgrade to the EDT from Release 15.

This new feature allows UEs to send small amounts of data (maximum 100 bytes)

during the random-access process. MT-EDT supports both Mobile-Originated (MO)

and Mobile-Terminated (MT) data transfers. When triggered by the MME, a paging

message indicator prompts the UE to start random access for reconnection or initiate

MT-EDT, depending on the optimization used. This improvement enhances data

transmission e�ciency in situations requiring small data transfers [72,99].

3.3.6.6 Precon�gured Uplink Resources (PUR)

Introduced in 3GPP Release 15, this feature aims to decrease signaling overhead

and power usage by enabling data transmission during random access via Msg3.

Release 16 further improved PUR, allowing for earlier uplink data transmission. By

implementing PUR, the random-access preamble and response (Message 1 (Msg1)

and Message 2 (Msg2)) can be eliminated, enabling data transmission to be com-

pleted using only two messages (Msg3 and Message 4 (Msg4)). This change leads

to signi�cant improvements in e�ciency and reduced latency [72,99].

3.3.7 NB-IoT 3GPP Release 17 Advancements

A key aim of 3GPP Release 17+ for NB-IoT is to incorporate satellite communica-

tion, enabling the growth of 5G IoT NTNs. This integration signi�cantly improves

existing capabilities while tackling connectivity issues in isolated and underserved

regions. By implementing satellite communication, the NB-IoT NTN allows IoT de-

vices to operate e�ciently and dependably across various settings, including areas

with poor or nonexistent signal coverage [72,99].

3.3.7.1 16-Quadrature Amplitude Modulation (QAM) for Unicast in UL and

DL

Prior to Release 16, NB-IoT UEs were limited to QPSK for unicast NPDSCH and

either QPSK or BPSK for unicast NPUSCH. Release 16 brought a signi�cant im-

provement with the implementation of 16-QAM. Now, UEs can utilize 16-QAM for

unicast NPDSCH, achieving TBS of up to 4968 bits in standalone and guard-band

deployments, and up to 3624 bits in in-band deployments. For unicast NPUSCH,

16-QAM allows TBS up to 2536 bits, which can be transmitted using only half the

time-domain resources compared to QPSK. This boost in spectral e�ciency marks

a notable improvement [72,99].
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3.3.7.2 Neighbour Cell Measurements and Measurement Triggering Before

Radio Link Failure (RLF)

Release 17 introduced a capability for NB-IoT UEs to conduct measurements during

RRC Connected mode. This feature shortens the time needed for RRC connection

reestablishment by allowing UEs to assess nearby cells and begin measurements

before encountering a RLF. As a result, connection quality is improved and service

interruptions are reduced [72,99].

3.3.7.3 Carrier Selection Based on Coverage Level

A new feature in Release 17 for NB-IoT, known as coverage-based paging, enhances

network resource allocation and reduces latency. This system allows the network

to choose carriers according to coverage levels, ensuring more e�ective transmission

of paging messages. This ultimately leads to improved network performance and

increased user satisfaction [72,99].

The aforementioned features of the NB-IoT evolution are depicted in Fig. 3.8.

Fig. 3.8: Overview of NB-IoT evolution according to the de�nition of 3GPP Re-
leases.

3.4 Enhanced Machine Type Communication

LTE Cat-M or eMTC, introduced in 3GPP Release 13, was designed to support

applications requiring longer battery life and increased communication range com-

pared to traditional LTE categories. Unlike NB-IoT, eMTC caters to applications

demanding more sophisticated services, greater network capacity, and higher data

rates while staying within eMTC speci�cations. As a result, eMTC bridges the gap
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between conventional LTE (Cat-1) and the robust NB-IoT. 3GPP Release 13 un-

veiled a new LTE Category M1 UE capable of operating on a 1.08 MHz bandwidth

(equivalent to 6 PRB's) within an existing LTE deployment or 1.4y MHz in stan-

dalone mode. This capability, combined with the extended upper layer message,

1000 bits TBS, support for QPSK and 16-QAM in both UL and DL, and eight

HARQ support, allows eMTC to reach data rates of up to 1 Mb/s in full-duplex

mode and about 300 kb/s in half-duplex mode [71,73,99].

3.4.1 Coverage Enhancements

For eMTC, enhanced coverage is obtained through repetitive transmissions with

identical settings, allowing up to 2048 repetitions for both Physical Uplink Shared

Channel (PUSH) and Physical Downlink Shared Channel (PDSCH), and 128 for

PRACH. Additionally, eMTC supports maximum transmission power classes of

23 dBm and 20 dBm. These characteristics result in a bandwidth to link budget

of up to 155.7 dB, which is less than the NB-IoT Maximum Coupling Loss (MCL)

of 164 dB [71,73,99].

eMTC distinguishes itself from NB-IoT in its approach to coverage enhancement

levels, utilizing two modes: Coverage Enhancement (CE) Mode A and CE Mode

B. These modes increase the �exibility and suitability of eMTC for various IoT

applications requiring dependable connectivity, albeit with fewer stages compared

to NB-IoT [71,73,99].

3.4.1.1 CE Mode A

The �rst mode leverages the ability to repeat messages up to 32 times. As the

default setting, CE Mode A is ideal for situations demanding higher data trans-

mission volumes, movement, and Voice over LTE (VoLTE) applications. It strikes

an equilibrium between expanded coverage and energy conservation. The repeti-

tion mechanism enhances both uplink and downlink communications, guaranteeing

steady performance across diverse signal environments. This mode is particularly

bene�cial for devices in urban and suburban settings with moderate signal obstacles,

such as city canyons or suburban homes [71,73,99].

3.4.1.2 CE Mode B

The second mode ampli�es the repetition mechanism beyond CE Mode A, allowing

message retransmission up to 2048 times to achieve maximum coverage expansion.

This mode is designed for optimal range extension, targeting devices in areas with
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signi�cantly weak signals, such as deep indoor environments or isolated rural loca-

tions. The extensive repetition in CE Mode B may result in increased delay and

reduced data speeds, a necessary compromise to attain the desired coverage im-

provements. This mode is ideal for maximizing range, especially when devices are

in heavily obstructed or indoor locations. CE Mode B is appropriate for scenarios

where the device has minimal movement or remains static, o�ering robust connectiv-

ity despite higher latency and decreased data throughput. Devices in exceptionally

challenging environments, such as deep within structures or in remote rural areas,

employ CE Mode B to maintain reliable connectivity [71,73,99].

3.4.2 Power Consumption Enhancements

To enhance energy e�ciency, eMTC implements eDRX and PSM modes, similar

to those found in NB-IoT. Additionally, both eMTC and NB-IoT employ similar

channel types (using the nomenclature of traditional LTE channels) and procedures,

including those related to random access, data transmission, and optimizing power

consumption [71,73,99].

3.4.3 Data Transmission Optimizations

The eMTC and NB-IoT share similar features, such as CP and UP enhancements,

NIDD technology support, and the use of TA-based positioning. Unlike NB-IoT,

LTE Cat-M technology o�ers complete mobility, including handovers in both TDD

and Frequency Division Duplex (FDD) bands, along with VoLTE functionality.

However, early eMTC versions lacked a distinct RAT type identi�er, requiring the

use of traditional LTE identi�ers for location update requests to Home Subscriber

Server (HSS) [71,73,99].

3.4.4 eMTC 3GPP Release 14 Advancements

Release 14 brought notable improvements to eMTC, including the introduction of

LTE Category M2. This update focused on boosting throughput, achieving speeds

of up to 3 Mbps UL and 1 Mbps DL. These enhancements were made possible by

increasing bandwidth from 1.4 to 5 MHz, raising the UL TBS from 1000 to 2984 bits,

and extending the maximum DL HARQ from eight to ten. The wider bandwidth

was exclusively used in Mode A, while Mode B remained unchanged. Additionally,

VoLTE improvements were implemented to enhance half-duplex mode performance,

and multicast functionality was added for Over the Air (OTA) �rmware updates [71,

73,99].
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Release 14 also introduced comparable upgrades for NB-IoT. These included:

(i) E-CID and OTDOA functionalities for positioning, allowing eMTC devices to

receive extended Positioning Reference Signal (PRS) transmissions and utilize mul-

tiple PRS con�gurations for improved accuracy; (ii) eased reselection monitoring;

and (iii) RAI [71,73,99].

3.4.5 eMTC 3GPP Release 15 Advancements

3GPP Release 15 brought substantial improvements to eMTC, enhancing its ef-

fectiveness, functionality, and suitability for IoT applications. These upgrades in-

clude innovative features and optimizations that result in better power e�ciency,

decreased latency, enhanced access control, and improved spectral e�ciency. In

terms of eMTC, Release 15 incorporates new capabilities shared with NB-IoT, such

as the BEST security enhancement, WUS, EDT, and Reduced System Acquisition

Time (RSAT). The following section outlines the speci�c eMTC enhancements in-

troduced in Release 15 [71,73,99].

3.4.5.1 LTE Cat-M Tra�c Identi�er (RAT Type), Power Class 6

Beginning with Release 15, eMTC received its own RAT Type (two releases after

NB-IoT), allowing for the distinction of tra�c types across the LTE network. This

enhancement ensures that LTE Cat-M tra�c is recognized and handled separately

from other LTE tra�c types, thus improving resource allocation and network ef-

�ciency. Furthermore, starting with this release, Power class 6 with a maximum

output power of 14 dBm was implemented (one Release after NB-IoT) [71,73,99].

3.4.5.2 Feedback for Early Termination:

This capability allows for the early stoppage of data transfers once the necessary

quality of service is reached. This function reduces unnecessary transmissions, thus

saving power and boosting overall network performance. By employing feedback

systems, the network can maximize resource usage and reduce delays [71,73,99].

3.4.5.3 Spectral E�ciency Improvements in eMTC

eMTC achieves better spectral e�ciency through advanced modulation techniques,

more e�ective resource allocation, and reduced interference between cells. The use

of �exible starting PRB allows for e�cient scheduling of MTC-related data transfers

alongside other transmissions, enabling PDSCH/PUSCH resource allocation with a

�exible starting PRB for UEs set up in CE mode with a maximum 1.4 MHz channel
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bandwidth. The downlink supports 64QAM modulation for PDSCH unicast trans-

mission without repetition in CE mode A, improving downlink spectral e�ciency

without increasing UE peak rate. A new Channel Quality Indicator (CQI) table

with a wider range helps decrease the need for RRC recon�gurations in changing

channel conditions. Uplink spectral e�ciency is improved by introducing PUSCH

sub-PRB resource allocation, o�ering new sizes of 1/2 PRB (6 subcarriers) or 1/4

PRB (3 subcarriers), and using�= 2-BPSK modulation for enhanced uplink data

coverage and power usage. Frequency-domain Cell Reference Signal (CRS) mut-

ing allows Cat-M1 and Cat-M2 UEs to show support for CRS muting outside their

narrowband, helping to decrease downlink inter-cell interference. Early termination

feedback includes a positive HARQ-Acknowledgment (ACK) in an UL Downlink

Control Information (DCI) over MTC Physical Downlink Control Channel (MPD-

CCH), enabling early cessation of downlink monitoring and uplink transmission,

primarily to improve UE power consumption [71,73,99].

3.4.6 eMTC 3GPP Release 16 Advancements

Similar to NB-IoT, Release 16's eMTC primarily focuses on IIoT applications and

integrates with 5G NR through resource allocation mechanisms such as DL/UL

resource reservation, DL subcarrier puncturing, and 5G Core integration. Addition-

ally, eMTC shares several upgraded features with NB-IoT, including GWUS, PUR,

and MT-EDT [73,99].

Mobility enhancements 3GPP Release 15 introduced mobility improvements

for eMTC, including the Resynchronisation Signal (RSS) and WUS to enhance syn-

chronization and energy e�ciency. Release 16 expanded on these advancements

by leveraging these signals. In Release 16, RSS-based measurements allow UEs to

use RSS for better synchronization and measurement performance, with con�gu-

rations provided for both serving and neighboring cells, improving intra-frequency

RSRP measurements in idle and connected states. Furthermore, Radio Resource

Management (RRM) measurement relaxation was implemented to maximize the

energy-saving bene�ts of WUS. While Release 15's WUS enabled UEs to enter sleep

mode across multiple paging cycles, they still needed to wake up for regular measure-

ments. Release 16 resolves this issue by allowing UEs to extend their measurement

cycles under con�gurable conditions, substantially reducing power consumption and

improving battery life in eMTC devices [73,99].

3.4.7 eMTC 3GPP Release 17+ Advancements

Starting with Release 17, eMTC aligns with NB-IoT's goal of enabling NTN com-

munication within 5G infrastructure to create comprehensive 5G IoT NTN, while
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also enhancing existing features as described below [73,99].

3.4.7.1 Additional PDSCH Scheduling Delay for 14-HARQ Processes in DL

This feature allows Half Duplex (HD)-FDD eMTC UEs to employ up to 14 acr-

shortharq processes in CE Mode A. By implementing a PDSCH scheduling delay,

it ensures full utilization of available Balanced Load (BL)/Common E�ort (CE)

downlink and uplink subframes, thus improving overall downlink performance and

reliability [73,99].

3.4.7.2 Maximum DL TBS Enhancement

In Release 13, the maximum downlink TBS for eMTC UEs was set at 1000 bits.

Release 17 expanded this limit to 1736 bits in CE Mode A for HD-FDD Category

M1 UEs. Furthermore, UEs supporting this feature can handle up to 43008 soft

channel bits, signi�cantly boosting downlink data capacity and e�ciency [73,99].

The aforementioned features of the eMTC evolution are depicted in Fig. 3.8.

Fig. 3.9: Overview of eMTC evolution according to the de�nition of 3GPP Releases.

3.5 Deployment of NB-IoT and eMTC

The two chosen cellular IoT technologies, approved by 3GPP, function in licensed

frequency bands but serve di�erent mMTC use cases. NB-IoT is engineered for sce-

narios that emphasize energy conservation and long-range communication, allowing

for more �exible delay requirements. In contrast, eMTC is tailored for more de-

manding applications requiring higher data capacities, increased throughput, and

reduced latency, while still maintaining a signi�cantly lower complexity compared
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to complete LTE systems. Although both cellular IoT technologies have under-

gone considerable improvements across 3GPP Releases 13 � 17, not all features have

achieved adequate market value or practical utility, as will be discussed in the fol-

lowing section. [71�73,99].

3.5.1 Recommendations for the Cellular IoT Deployment

The GSMA 5G IoT Strategy Group has released a non-binding guideline [99] for im-

plementing mobile IoT technologies, with a focus on the features and improvements

introduced in 3GPP Releases 13-17 for cellular IoT. This guideline o�ers suggestions

based on global market trends and practical deployment experience. The document

serves as the main reference for the following section. It provides recommendations

to enhance interoperability between di�erent operators and networks, and then out-

lines suggested features and improvements for eMTC and NB-IoT, organizing them

into three distinct groups:

ˆ Essential Core Capabilities: These functionalities are extensively backed

and implemented by service providers and hardware manufacturers, serving

as baseline deployment requirements. For instance, this category encompasses

energy-conserving modes such as PSM and eDRX.

ˆ Innovative and Developing Functionalities and Improvements: This

group comprises features that have not yet had adequate time for broad imple-

mentation or are intended for future releases, typically requiring 2 to 3 years

for full deployment. These functionalities may not necessarily be bundled in

upcoming versions but could have limited market traction and are anticipated

to become more valuable in the near term. An illustration of this category is

VoLTE for LTE Cat-M.

ˆ Capabilities with Limited Deployment: This classi�cation includes fea-

tures and devices that have been standardized but have not seen widespread

adoption, such as the implementation of eMTC device Category M2.

3.5.1.1 Minimum Core Features

Minimum set of core features for the cellular IoT deployments:

ˆ Band Support: Di�erent mobile operators o�er varying band support. It

is advised that operators implement at least one band in the vicinity of 1

GHz and display their supported bands on the GSMA Deployment map. This

information helps consumers choose devices with compatible bands. In the

EU, typical deployments for both technologies commonly use Bands 3, 8, and

20.
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ˆ Network Data Transmission Alternatives: For eMTC, transmitting In-

ternet Protocol (IP) data through the UP is essential, especially in roaming

scenarios. Utilizing CIoT UP optimizations is advised. Most operators do

not support eMTC data transmission via the CP, making it unsuitable for

implementation. Regarding NB-IoT, current implementations lack UP data

transmission support, so guidelines focus on the CP. Although non-IP (NIDD)

data transmission is not commonly employed, when accessible, data should be

directed through the SGi interface.

ˆ Enabling PSM and eDRX Functionality: These modes should be im-

plemented without any timer limitations. The device should be able to bu�er

data packets while in either of these sleep states. Careful timer setup is crucial

for proper paging when both PSM and eDRX are active.

ˆ GPRS Tunnelling Protocol (GTP) Timer Value Con�guration: This

setting is crucial for devices in mobile scenarios that communicate through a

GTP tunnel. It speci�es how long the tunnel stays active when the device is

idle. For NB-IoT, the suggested minimum duration is 31 days, while for LTE

Cat-M, it is 24 hours.

ˆ Use of Mode A for Coverage Extension: For devices, this mode is required,

while operators are strongly advised to use it. Mode B, which is designed for

low-volume data transmission, has seen little use and was not implemented by

any manufacturers or operators as of 2022.

ˆ Coverage Enhancement Modes for NB-IoT Support: The implemen-

tation of all three ECLs is advised for operators.

ˆ Short Message Service (SMS) Support: Customers may choose between

SMS and other protocols like User Datagram Protocol (UDP) or NIDD, though

the latter has not seen widespread adoption.

ˆ Implementatino and Management of Connected-Mode DRX (C-DRX) and

Connected-Mode Extended DRX (C-eDRX) Modes: These modes allow de-

vices to enter power-saving modes even during active network connections,

with C-DRX allowing up to 2.54 seconds and C-eDRX up to 10.24 seconds.

ˆ Deactivation of Universal Integrated Circuit Card (UICC): Should be

supported, even when the device is in eDRX mode.

ˆ Accommodating Various Power Classes: The lowest acceptable power

class should be 3, corresponding to 23 dBm EIRP. Both network operators

and device users should carefully consider the use of lower power classes, as

choosing an unsuitable class might decrease device expenses but could also

lead to reduced coverage areas.

ˆ Enabling RAT Type Compatibility: Implementing NB-IoT-speci�c RAT

type support on the S6a interface is crucial for NB-IoT roaming functional-
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ity. Similarly, eMTC requires support for its unique RAT type, which is still

pending widespread adoption.

ˆ Eased Surveillance for Cell Selection: Primarily suggested for stationary

NB-IoT units to enhance power e�ciency.

ˆ Enabling Rapid Network Detachment through RAI: After �nishing

uplink data transmission, a device sends RAI to enable swift network discon-

nection, thus saving power. The RAI feature should be integrated into both

the device and network systems.

ˆ Enhancing Network Access Mechanisms for Coverage Enhancement

Modes: Conventional access methods such as Access Class Barring (ACB)

and Extended Access Barring (EAB) lack the ability to identify devices oper-

ating in coverage enhancement modes. This limitation can result in multiple

transmission attempts during periods of high network congestion. It is neces-

sary to implement new strategies that enable the postponement of transmis-

sions to times when network tra�c is less intense.

Speci�c LTE Cat-M Features include:

ˆ Support for half-duplex mode.

ˆ Mobility in connected mode, necessary for VoLTE.

ˆ Support for larger TBS in uplink.

ˆ Downlink functionality includes backing for 10 HARQ processes, which is cru-

cial for full-duplex operation and advantageous for half-duplex mode as well.

ˆ The ability to transmit HARQ-ACK responses for several transmitted blocks

during half-duplex operation is supported.

Speci�c NB-IoT Features include:

ˆ Support for all deployment modes.

ˆ Support for the new NB2 device category.

ˆ Ability to communicate downlink channel quality in NB-IoT, allowing eNodeB

to enhance connection e�ciency, thus minimizing device power consumption.

ˆ Provision for improved measurement capabilities.

3.5.1.2 Advanced and Emerging Features and Enhancements

List of new and emerging features and enhancements:

ˆ Support for NIDD Without IP Headers: While technically possible,

this method of transmission has not been put into practice by operators and

manufacturers yet. As a result, it remains unclear whether this feature will be

widely adopted.

ˆ Implementation of Service Capabilities Exposure Function (SCEF)

Functions: allows for protected access to network services and capabilities;
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however, operator support is currently restricted.

ˆ UP EPS Optimization for Cellular IoT: The UP CIoT EPS Optimiza-

tion, which was introduced in 3GPP Release 13, allows for user plane data

transmission without utilizing the Service Request procedure while in EPS

CConnection Management (ECM)-Idle mode (RRC Suspend/Resume). This

method decreases signaling overhead by roughly 75% when compared to tra-

ditional LTE, thus improving the e�ciency of state transitions, signaling pro-

cesses, and power usage.

ˆ Support for BEST Data Security: shows promise in substantially increas-

ing the longevity of device batteries. Nevertheless, it is too early to endorse

this security approach, as many manufacturers and operators have not yet

implemented it.

ˆ WUS Signal Assistance: for alerting devices with limited paging monitoring

to resume their monitoring activities.

ˆ Early Data Transmission (EDT): allows for the transmission of data pack-

ets ranging from 328 to 1000 bits using Msg3 during the random access pro-

cess. This feature is strongly recommended for implementation by operators

and manufacturers due to its considerable potential for energy conservation

during data transmission.

ˆ EARFCN and Geographic Area Precon�guration: shows promise in

decreasing connection times for roaming scenarios.

ˆ Speci�c eMTC Capabilities: Some features that have not yet seen widespread

adoption include VoLTE, support for high-speed devices, and techniques for

optimizing spectrum usage.

ˆ Speci�c NB-IoT Capabilities: include adaptations for FDD usage, MME

storage of device data and operational pro�les, extended cell coverage, hybrid

standalone mode, and small cell support.

Release 16 introduces several potential improvements, though their implemen-

tation is not yet con�rmed. These possible enhancements include the capability to

send a GWUS, EDT triggered by the MME, improved reporting of downlink signal

quality, uplink EDT through PUR, compatibility with the 5G core network, and

advancements in eMTC mobility.

3.5.1.3 Features with Low Expectations to be Implemented in the CIoT

The list of features unlikely to be implemented is expanded upon, building on those

previously noted in the minimum core features section. The additional features

include:

ˆ Overall Functionality: The capacity for Multicast Transmission and Group

Messaging remains restricted.
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ˆ Particular eMTC Capabilities: These comprise compatibility with the

newly introduced Cat-M2 device category, accommodation of broader band-

widths (5 MHz or 20 MHz) in eMTC CE modes, and transmit antenna selection

managed by the eNodeB.

ˆ Speci�c NB-IoT Attributes: These encompass mobility during connected

state, paging and random access via non-anchor carriers, and TDD support.

3.5.2 Overview of Currently Deployed NB-IoT and eMTC Fea-

tures

Previous sections examined the rollouts of NB-IoT and eMTC, along with deploy-

ment guidelines from telecom operators and mobile tech providers. This segment

concentrates on the implementation of features in deployments accessible during the

study period. The analysis primarily uses deployments in the Czech Republic, which

are indicative of European implementations [110].

Currently, both technologies are being deployed as a blend of 3GPP Release 13

and 14, with operators selectively incorporating features rather than fully embracing

Release 14. Table 3.1 outlines the con�gurations of the deployed networks. Several

nuances warrant consideration, such as the General Purpose Timer (GPT) timers,

which may be set lower than recommended. This results in a restrictive low thresh-

old for open Transmission Control Protocol (TCP) connections for both technologies

when there is no active communication. Other deployment-speci�c aspects include

the shift towards global core deployments, which o�er centralized management ben-

e�ts but come with drawbacks like increased latency and inconsistent jitter.

Given the current feature implementation, it is clear that both technologies have

yet to reach their full potential, with key features still pending implementation. The

present con�guration continues to rely on outdated legacy features, which can easily

lead to congestion, particularly in random access procedures during burst tra�c sce-

narios. As a result, the current state falls short of meeting the International Mobile

Telecommunications-2020 (IMT-2020) requirements, which specify the capability to

support 1,000,000 connected devices within a single square kilometer.
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Tab. 3.1: Comparison of NB-IoT and eMTC parameters in current deployments.
Technology NB-IoT eMTC

Frequency 700�2,100 MHz 700�2,600 MHz
Bandwidth 200 kHz 1.4 MHz1

Link budget 164 dB 157.7 dB
Max. EIRP 23 dBm 23 dBm

Max. PDCP payload 1,600 B 8,188 B
Max. TBS 1000 bits UL / 680 bits DL 1000 bits UL/DL

Max. HARQ 1 8

UL data rate
0.3 � 62.5 kbps1

0.3 � 159 kbps2
HD: 3751kbps
FD: 11Mbps

DL data rate
0.5 � 27.2 kbps1

0.5 � 127 kbps2
HD: 3001kbps
FD: 0.81Mbps

Coverage
enhancements

Level 0 � 2 Mode A only

(N)PDSCH/(N)PUSCH
repetitions

1 � 2,048/1 � 128 1 � 32/1 � 32 (Mode A)

(N)PRACH rep. 1�128 1�128
(N)PRACH BW 180 kHz 1.05 MHz

(N)PRACH TTI [ms] 5.61, 3, 6.41, 4, 19.25 13, 24, 5, 36

Category NB2/M2 Yes (NB2)2 No (M2)2

Multicast No2 No2

CP/UP Optimization CP1 UP1

PSM/eDRX Yes1 Yes1

NIDD No1 No1

VoLTE - No1

OTDOA/E-CID Pos. No2 No2

UE Power Class 6 Yes2 -
Conn. mode mobility No2 Yes1

RAI Yes2 Yes2

Relaxed Resel. Mon. No2 No2

1 3GPP Rel. 13. 2 3GPP Rel. 14. 3 (N)PRACH format 0.
4 (N)PRACH format 1. 5 (N)PRACH format 2. 6 PRACH format 3.
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4 Energy Grid Requirements Toward eMTC

The chapter begins by examining the current status and approach to smart meter

implementation. It initially explores global installations of smart meters with remote

reading functionality. Subsequently, the focus shifts to deployment examples in the

European Union (EU), including the directive that governs smart meter rollout

across EU member states. The �rst section provides an in-depth analysis of the

smart grid deployment strategy in the Czech Republic, which served as the primary

source of information and measurement campaigns for this thesis. Following, second,

section aims to thoroughly evaluate mobile network capacity in relation to smart

meter applications, followed by a comprehensive examination of smart metering's

speci�c requirements and characteristics. The third section further elaborates on

smart grid requirements by incorporating new tra�c types introduced by smart

electricity meters, distinguishing them from other utility meters such as water and

gas meters, while referencing related research on this subject.

4.1 Smart Metering Infrastructure Deployment Mo-

tivation

The introduction has established the clear need for implementing smart meters with

remote data communication capabilities. The selection of communication technol-

ogy depends on the smart meter's requirements, features, and needs. As mentioned

earlier, Mobile IoT technologies are well-positioned to support these applications.

However, several challenges must be addressed during deployment, including regu-

latory concerns and technical issues such as network capacity limitations and the

diverse nature of installation environments.

4.1.1 Examples of Global Smart Meter Deployments

Smart meter adoption has been growing worldwide. In 2018, China began a large-

scale implementation of smart technology, connecting hundreds of thousands of in-

telligent smoke detectors, streetlights, and water meters through NB-IoT, which

served as standard low-end sensing devices. Sony Altair introduced the initial de-

ployment of LTE Cat-M in combination with NB-IoT, o�ering a notable solution

for Japan's smart gas meter implementation [111,112].

Saudi Arabia initiated a major rollout of mid-range smart electricity meters in

2021, featuring dual communication capabilities through NB-IoT and Power-Line

Communication (PLC) interfaces. This communication technology combination has
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emerged as the top choice among distributors. Within a year, Saudi Arabia success-

fully installed over 10 million smart electricity meters. Meanwhile, Australia has

begun a decade-long initiative to deploy four million NB-IoT-compatible smart elec-

tricity meters, utilizing the network infrastructure of the Elestra telecommunications

provider [111,112].

Smart meter implementation is on the rise across the European Union. In 2021,

the UK installed 300,000 water meters utilizing NB-IoT technology for basic smart

metering. The following year, Sweden saw a major rollout of 900,000 mid-range

smart electricity meters, a project undertaken by telecommunications company Telia

in partnership with OEM Nordic and supported by Ericsson. Telia o�cials noted

that this large-scale deployment faced considerable network capacity issues and re-

quired adjustments in various settings, which aligns with the goals of this habilitation

thesis [111].

4.1.2 EU Directive for Smart Meter Deployments

In an e�ort to promote cohesion and accelerate smart meter implementation across

Europe, the EP introduced a directive for member states and created the European

Smart Grids Task Force (SGTF) as a responsive body for deployment and issue res-

olution. Initial talks commenced in 2015, coinciding with mobile operators' integra-

tion of selected communication technologies for the IIoT [34]. Subsequently, member

states were given the chance to examine Advanced Metering Infrastructure (AMI)

speci�cs and outline their deployment plans for the 2019-2030 timeframe [113]. The

2019 report [113] revealed that only 17 member states submitted strategies for smart

meter adoption, with the majority opting for PLC and 2G technologies for remote

data transmission. Notably, just four countries indicated the use of legacy 4G or

NB-IoT technologies, which later emerged as the preferred option for wireless con-

nections [113]. Member states have ramped up implementation of the directive since

2019. A study from 2022 [114] revealed that 13 countries have fully implemented

smart meters, covering over 80% of their consumer base. An additional ten nations

are in the process of rolling out these devices, with plans to �nish after 2024. Nev-

ertheless, the same study highlighted that �ve member states, including the Czech

Republic, have shown little progress in implementing smart meters [114].

According to the EP, intelligent smart meters will be rolled out across European

Union member states between 2024 and 2027 [31�33]. This concrete schedule for de-

ploying advanced smart meters has greatly enhanced cooperation between electricity

providers and telecom companies in recent years [115,116].

Electricity distributors have implemented a novel classi�cation of electricity me-

tering, referred to as Type C or smart metering. This system requires the use
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of speci�c communication technologies that operate within the licensed frequency

range. The introduction of this metering approach aligns with the guidelines set

forth in the European Parliament's directive 2019/944. According to this directive,

intelligent metering systems must meet certain criteria [32,113,117,118]:

ˆ enable access to electricity consumption data in real-time,

ˆ provide veri�ed historical data via a visualization platform,

ˆ and o�er access to electricity consumption data without charging through a

secured local or remote interface.

The Czech Republic, a country that has been slow to implement smart me-

ters, has witnessed the early phases of cooperation between energy providers and

telecom companies in choosing communication technology for AMI, speci�cally for

smart-grid remote data transmission. In this process, NB-IoT was initially selected,

followed by LTE Cat-M, with the �rst NB-IoT prototypes appearing shortly after

2016 [119]. Table 3.1 displays a comparison of the primary communication param-

eters for NB-IoT and LTE Cat-M.

These prototypes were created in partnership with electricity providers, and two

years later, remote metering using NB-IoT was tested with operational electricity

meters [70,120]. Despite initial promising results, the testing campaign fell short of

expectations for the �rst deployment phase, which was planned for 2023 or later,

preceding the anticipated 2024 rollout.

4.2 Energy Grid Speci�cs and Requirements for Smart

Meters in Czech Republic

In this section, we cover the speci�cs and requirements of smart metering use cases.

Especially, we focus on the speci�cs obtained as the output of our long-term coop-

eration with the electricity distributors in the Czech Republic.

4.2.1 Mobile Operator Capacity Planing for NB-IoT Driven Smart

Meters

In the Czech Republic, Vodafone, one of three mobile network operators, pioneered

the complete implementation of NB-IoT technology. The company's network, com-

prising over 4000 base stations (eNodeBs), provides 100 % outdoor and 95 % indoor

communication coverage. For extreme "deep indoor" scenarios, such as smart meter

applications, NB-IoT technology stands alone in operating within the licensed fre-

quency band (bands no. 3 (1800 MHz), 20 (800 MHz)). This technology facilitates

communication with smart meters in areas of poor signal reception, where RSRP
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values are below� 120 dBm or/and SINR values fall under� 3dB. Table 1. 4.1 illus-

trates the selection of coverage class based on both RSRP and SINR parameters [34].

Tab. 4.1: Coverage classes for the ECL assignment [38].

Coverage Class SINR and RSRP Conditions

Class 0 SINR >7 and RSRP >-110
Class 1 -3 <SINR <7 and RSRP >-133
Class 2 SINR <-3 or RSRP <-133

The provided data forms the basis for studies on network capacity planning,

which aim to outline communication patterns and network loads. Our research

collaborator, Vodafone Czech Republic, undertook an extensive analysis to predict

network performance and capacity. All information in this analysis was obtained

from the actual implementation of the NB-IoT network in Hradec Králové, a city lo-

cated in East Bohemia, Czech Republic. Given the symmetrical nature of the Device

Language Message Speci�cation (DLMS) protocol used for smart meter communi-

cation, which operates on a request-response basis, a �100 B, 100 B� tra�c model

was utilized to approximate network capacity. This investigation uncovered two sce-

narios for the distribution of ECL across three classes (ECL 0, ECL 1, and ECL 2):

(i) 60 %, 30 %, and 10 %, and (ii) 80 %, 15 %, and 5 %. These results are not pub-

licly available as they stem from close cooperation between the research team and

the network operator. However, similar studies support our �ndings, such as [121],

where the ECL distribution for water meters closely aligns with our �rst scenario.

The theoretical cell capacity for NB-IoT technology deployed in the guard-band

frequency spectrum (180 kHz carrier and 20 kHz guard band) is approximately 10,150

devices per hour for the 60 %, 30 %, and 10 % ECL distributions. As expected, the

cell capacity increases signi�cantly to about 19,253 devices per hour when the ECL

distribution shifts to 80%, 15%, and 5%, with a higher proportion of smart meters

in ECL 0. Delivery time calculations were performed for both ECL distribution

groups, resulting in two distinct scenarios. In the asynchronous data transmission

scenario, smart meters deliver data with an end-to-end delay between 250 ms and

10 s, which falls within the 15 s threshold set by electricity distributors. However, in

the synchronous data transmission scenario, the delivery delay ranges from 250 ms

to �x� minutes, where x depends on the number of devices simultaneously connected

to the cell [113,117].

This research examines the estimated quantity of smart meters linked to eNodeBs

in a new communication scenario. Research indicates that in mid-sized urban areas,

one BS typically covers 800 locations with smart meters, while in rural settings, this

number decreases to 350 [122,123]. The study then calculates the number of smart
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meters that can be serviced within a speci�c timeframe (refer to Table 4.2). These

calculations employ the NB-IoT channel, which is estimated using the tra�c and

UE distribution models outlined in 3GPP TR 45.850, without implementing PSM

for the smart meters. This approach is necessary because smart meters must remain

in Idle mode with continuous active radio reception to allow remote control of the

smart electricity meter's load and its individual relays [118].

Tab. 4.2: Results for 100 B / 100 B (UL / DL) tra�c model for two ECL distribu-
tions [38,124�127].

Percentage of served
users

ECL distribution
(60 %, 30 %, 10 %)

ECL distribution
(80 %, 15 %, 5 %)

In 5 min 68.9% 86.6%
In 10 min 89.5% 97.7%
In 15 min 96.1% 99.6%

Although the aforementioned communication scenarios may seem stringent, power

distribution companies have established even more rigorous use cases for on-demand

situations or for restoring communication following a power outage. For example,

in NB-IoT networks, the post-blackout recovery process necessitates an additional

80 B for the uplink attachment procedure and 30 B for the DL direction, encom-

passing synchronization and status updates. The results for this particular scenario

are displayed in Table 4.3.

Tab. 4.3: Results for the recovery scenario (attach + 80 B (UL) + 30 B (DL)) � for
two ECL distributions [38,113,117].

Percentage of
served users

User ECL 0:1:2 distribution
(60 %, 30 %, 10 %) (80 %, 15 %, 5 %)

In 5 min 43.2% 62.9%
In 10 min 67.1% 85.2%
In 15 min 80.3% 93.9%
In 20 min 88.3% 97.2%
In 25 min 93.0% 98.7%

To summarize, while the NB-IoT network capacity satis�es the 3GPP TR 45.820

NB-IoT cell capacity model requirements [128, 129], these standards are not met

during on-demand scenarios or recovery situations. It is essential to ensure successful

communication with smart meters within a 15-minute timeframe for both routine

readings and power outage situations. To accomplish this, the network's capacity

can be enhanced based on various factors, including the quantity of deployed smart

meters, radio conditions, and anticipated tra�c patterns. This enhancement can
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