BRNO UNIVERSITY OF TECHNOLOGY

Faculty of Electrical Engineering and
Communication

TAMPERE UNIVERSITY

Faculty of Information Technology and
Communication Sciecnces

DOCTORAL THESIS

Brno, 2025 Ing. Radek Mozny



-r

BRNO UNIVERSITY OF TECHNOLOGY

FACULTY OF ELECTRICAL ENGINEERING AND
COMMUNICATION

DEPARTMENT OF TELECOMMUNICATIONS

TAMPERE UNIVERSITY

FACULTY OF INFORMATION TECHNOLOGY AND
COMMUNICATION SCIENCES

UNIT OF ELECTRICAL ENGINEERING

CELLULAR NETWORK CAPACITY PLANNING FOR
FUTURE SMART-GRID SERVICES

DOUBLE DEGREE PROGRAMME BETWEEN BRNO UNIVERSITY OF
TECHNOLOGY AND TAMPERE UNIVERSITY

DOCTORAL DISSERTATION
AUTHOR Ing. Radek MozZny
ADVISORS Ing. Pavel Masek, Ph.D.

Dr. Dmitri Moltchanov

BRNO 2025



ABSTRACT

The increasing demands of smart-grid applications in the landscape of Industrial Inter-
net of Things (IloT) require optimized communication networks, particularly through
Narrowband loT (NB-loT) and Long Term Evolution for Machine-Type Communica-
tion (LTE-M or eMTC). This dissertation provides novel strategies to enhance these
technologies to meet the critical requirements of reliability, low latency, and efficient
traffic management, including permanent connectivity in smart-grid deployments driven
by regulatory entities, such as the European Parliament and its directives.

A core component of this research is an comprehensive measurement campaign con-
ducted to assess the performance of NB-loT and eMTC in both controlled environments
and realistic smart-grid conditions with heavy traffic loads. The results reveal that
while NB-loT offers superior coverage, it struggles to meet the high-throughput and
low-latency demands of smart-grid networks. These findings highlight the need for opti-
mized message distribution on single or a Multi-Radio Access Technology (Multi-RAT)
approach to optimize performance by leveraging both NB-loT and eMTC.

To address the specific challenges posed by smart-grid deployment, several models have
been introduced to assess the stability and delay performance of NB-loT networks based
on the gathered results. The generalized Markov chain model highlights the limitations
of the NB-loT in supporting End Devices (EDs) with permanent connectivity, leading
to significant delays under high traffic loads, even for 100 EDs. By increasing radio
resources in the first model and optimizing message transmission intervals in the simpli-
fied model, this research improves the delay performance and balances the network load
more effectively, enabling the coexistence of densely deployed traditional sensors and
several hundred permanently connected smart meters. Additionally, techniques such as
Early Data Transmission (EDT) have been explored, demonstrating substantial latency
reductions of more than 50% and enhanced efficiency for smaller message sizes.These
optimizations demonstrated efficacy in meeting the smart-grid latency requirements.
Furthermore, an optimal RAT association algorithm is proposed to manage the commu-
nication load between the NB-loT and eMTC EDs to increase communication reliability.
This approach ensures more efficient operations by dynamically balancing traffic across
technologies, leading to a reduction in latency and an increase in system reliability com-
pared to single-RAT deployments. The algorithm successfully meets the strict latency
requirements of smart-grid systems, enabling reliable communication even under diverse
geographical conditions and varying deployment densities reaching up to 3,000 EDs.
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1 Introduction

This chapter presents a comprehensive analysis of the current state of the art in the
field of Massive Machine-Type Communication (mMTC) and its implementation
within the context of smart-grid systems. It aims to identify and address research
gaps in the literature and propose a clear methodology for conducting further re-
search in this area. Remainder of this chapter is organized as follows. The first
section discusses the research gaps and motivation for this study, based on the avail-
able literature. The second section outlines the research objectives and questions,
and defines the exact methodology that will be used to answer them. The chapter
concludes with a summary of the key contributions and novelty of this research.

This dissertation, covering the most significant developments achieved over the
five-year Ph.D. period from 2019 to 2024, consists of seven chapters. In addition to
Chapter 1, containing Introduction, and 7 presenting the Conclusion, the five core
chapters summarize key contributions.

The author of this thesis documented and disseminated the essentials of the con-
tributions in the form of scientific publications in recognized journals and proceed-
ings of international conferences in order to undergo peer review and result verifica-
tion. Believing that the perspectives of industry and standardization communities
strengthen the novelty and impact of academic research, some of the important
outcomes of this thesis were obtained in collaboration with industrial partners.

Throughout this thesis and subsequent chapters, references to the published
works of the thesis author have been extensively utilized. The list of papers in-
cluded in this dissertation is presented in the first part of the bibliography [1-7].
The first listed work [1], which has been published, serves as the main source for this
thesis, as it establishes the critical goals, majority of the measurement campaigns,
and optimization proposals presented in the following chapters. The second men-
tioned work [2], which has been recently accepted for publication, constitutes the
second main source of this thesis, defining the second primary optimization proposal.
Although the thesis author is not the primary author of this paper, his contributions
were pivotal in defining the research topic and ensuring the practical execution of
the study. His involvement was critical to shaping the paper’s focus and translating
conceptual ideas into actionable, practical outcomes that were foundational to the
study’s success. The remaining key authors’ publications [3-7], published at confer-
ences, served to disseminate preliminary outcomes. The author of this thesis played
a crucial role in the development of the methodology, planning, execution, and eval-
uation of the experiments, as well as in the support of optimization mechanism
proposals and their implementation.

Additional publications generated during doctoral studies can be found in the
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other references [8-18]. Although not the primary sources for this research, they
were essential for providing support and material during the completion of this

research.

1.1 Motivation and Rationale

Although wireless technologies have become widespread and advanced significantly
over the past decade, the demand for emerging applications continues to increase
at an even faster pace. In recent years, Machine-to-Machine (M2M) applications
have seen the greatest growth in communication systems, and the trend of various
networks forming the Internet of Things (IoT) is gaining momentum. Conventional
Human-to-Human (H2H) technologies create a network of mutually connected ser-
vices that form heterogeneous networks. However, the wide variety of technologies
that are suitable for different services and use different communication paradigms
and frequency spectra makes the development and optimization of heterogeneous
applications challenging. Consequently, there are many challenges to overcome,
such as providing a scalable network with the capacity to serve billions of expected
communication devices in a power-efficient, secure, and reliable manner. Hetero-
geneous systems are becoming increasingly popular in areas such as smart cities,

smart homes, Industry 4.0, smart-grids, and wearables [19-23].

1.1.1 Cellular Technologies in the Context of loT

With the widespread adoption of wireless connectivity, it is crucial to offer various
services for novel applications with unique network requirements and Key Perfor-
mance Indicators (KPIs) [19, [24]. Although wireless communication was primarily
designed for H2H interactions, significant progress has been made in autonomous
M2M communication scenarios that have distinct network requirements [19]. Fifth-
Generation (5G) networks can facilitate these applications owing to their heterogene-
ity. bG categorizes all applications and services based on their use cases, frequency
utilization, and drivers, and divides them into three categories, each with different
stringent requirements to suit its Network as a Service (NaaS) paradigm.

« Enhanced Mobile Broadband (eMBB) provides high data throughput
by utilizing extended frequency carriers not only below but also above 6 GHz,
offering a limited communication range. This technology is well-suited for
applications such as Virtual Reality (VR) and Augmented Reality (AR) [19].

« Ultra-Reliable Low-Latency Communication (URLLC) is a critical

component for delicate communication scenarios that require extremely low
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latency, such as remote surgery or tactile internet, with stringent reliability
standards of up to 99.9999 % [19, 21}, 24].

« massive Machine-Type Communication (mMTC) refers to a type of
communication that supports a scalable network with a dense deployment
of End Devices (EDs), 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 Industrial IoT (IToT). An
example of this type of communication is shown in Fig [19].

Smart grids
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Fig. 1.1: Main directions of heterogeneous 5G with respect to I[IoT diverse use-cases

and requirements [19)].

According to the mMTC paradigm, Low-Power Wide-Area (LPWA) technologies
are a subset of end-to-end connectivity solutions that are specifically designed for
industrial sector scenarios that require low-speed, power-efficient, and robust com-
munication schemes. These technologies gained popularity in the market due to the

increasing number of connected devices. Thus, this sector is a market mover [21].

LPWA Technologies

The IoT is a concept that envisions seamless global connectivity. The widespread
deployment of the IoT, comprising a diverse array of connected devices, is expected
to reach a massive scale in the near future. Furthermore, wireless connectivity
through LPWANS is a critical component of future communication scenarios (refer
to the typical LPWA infrastructure in Fig. [1.2]). Predictions of Ericsson’s vision
estimated over 9 billion mobile subscriptions by 2030 [25], whereas authors in [23]
extends even further, with up to 17 billion mobile subscriptions and over 90 billion
M2M connected devices by 2030 forming [oT ecosystem. These projections raise the
question of which devices will become connected and which are not yet online. The

initial phase of deployment involves early adopters utilizing smart meters for gas,
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water, and electricity, as well as monitoring devices such as smoke sensors and fire
alarms. As a result, the number of conventional applications, including connecting
utility meters to aid in distribution and billing, is expected to grow. This expansion
in the industrial IoT sector, particularly in smart-grids and smart metering, creates
opportunities for delay-tolerant data collection from remote devices .

The growth of connected devices that transmit M2M data is supported or man-
aged by recent work done by the 3rd Generation Partnership Project (3GPP) de-
velopment organization in Release 13, as demonstrated by Masek et al. . The
design of new Cellular IoT (CIoT) or Mobile IoT technologies has been re-evaluated
based on the requirements of IoT vision, and new radio access technologies oper-
ating in the licensed frequency spectrum have been developed and released within
a short timeframe, as reported by Martinez et al. . These new technologies,
known as Long Term Evolution for Machine-Type Communication (LTE-M) also
know as Enhanced Machine-Type Communication (eMTC), and Narrowband IoT
(NB-IoT), are designed to provide communication for IoT in the cellular infrastruc-
ture. However, even already deployed Non-3GPP solutions like Long Range Wide
Area Network (LoRaWAN) contribute to this diverse field, each bringing its own set

of benefits and drawbacks.

p ﬁ;‘“e
oy A

Gateways
Y s

End devices

Application
servers

Fig. 1.2: LPWA infrastructure.
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1.1.2 Emerging Challenges and Solutions for 5G loT Wireless

Systems

Owing to the significant increase in the number of MTC devices, it is crucial to
develop new mechanisms that can efficiently serve a large number of devices with
high power efficiency, whether they are battery-operated or zero-energy devices.
Additionally, in ultra-dense deployments with up to 100 devices per cubic meter |19,
31], these devices are expected to transmit low volumes of data in a sporadic, bursty,
or periodic manner. However, in traditional scenarios with simple sensors, only a
small portion of the devices are currently active, with the majority in power-saving
modes |19, |31, 32].

Optimizing the network capacity of such a system presents a significant challenge,
and it is difficult to propose a single killer application or Radio Access Technology
(RAT) as a universal solution. A more practical approach is to develop tailored solu-
tions for specific cases based on the standardized framework of 5G technologies [19].
For instance, the authors of [33] proposed a potential solution to enhance network
capacity through cell densification, edge computing, advanced modulation and cod-
ing schemes, and Non-Orthogonal Multiple Access (NOMA). These ideas have been
adopted in recent years, as evidenced by [34] and 6G Vision White Papers [19).

This work delves into potential solutions for Beyond 5G (B5G) systems, par-
ticularly focusing on the current deployment challenges. Specifically, it examines
network evaluation and optimization for the rollout of smart meters, mainly in the
European Union (EU). The use case employs the LPWA communication technology
NB-IoT or eMTC, which is considered one of the best-suited options for transmitting
electricity meter data [32]. This is owing to its beneficial parameters, such as robust
communication and long range. However, the main problem lies in the communi-
cation state of the device. In a typical mMTC scenario, most devices are in sleep
mode, and the scenario depends on always open communication channels for possi-
ble immediate electricity meter action. As a result, it is considered a Mission-critical
MTC (cMTC) [19] but with less strict requirements |21}, 24]. The question remains:
Will the currently deployed NB-IoT or eMTC technology be able to withstand such
a use case where some devices might be in dead-zone coverage areas (under the sur-
face, valleys, forests, deep-indoor)? If the network capacity and parameters cannot
be optimized to enable sufficient service provisioning, the communication chain will
fail to provide sufficient service.

An alternative perspective on this matter is to concentrate on optimizing the
message transmission of the mMTC device from a slightly different angle. As previ-
ously stated, there is no single application that is considered a "killer app" for mMTC

use cases, and the same applies to RATs. However, certain applications may require
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a single RAT because of the device’s lower complexity and reduced cost. A potential
solution could be to implement smart load balancing between RATs, which could
enhance overall coverage, performance, and power efficiency, and reduce operational
costs [19, |35]. Another challenge in device optimization is for delay-tolerant appli-
cations. In mMTC, a low delay is not the KPI; however, some applications, such as
smart meters, require a response from the device to a server within 10 s [21]. There-
fore, the second question to be addressed is to explore possible ED optimizations to
satisfy the aforementioned requirements. The need to maximize mMTC for smart
electricity metering is heightened by the European Parliament Directive 2019/944,
which unequivocally stipulates that smart metering systems will be implemented
across EU member states starting from 2024 [36] 37]. This regulation imposes sig-
nificant pressure on electricity distributors and telecommunication operators, who
must ensure the transmission of data via cutting-edge wireless communication tech-
nologies. The smart metering use case, which involves remote reading, monitoring,
and management of electricity meters, goes beyond the original goals of the IoT and
Industry 4.0. As the smart metering scenario falls under the category of critical
infrastructure, it requires continuous connectivity to electricity meters rather than
just on-demand access. Furthermore, there are strict guidelines regarding the max-
imum amount of time the smart meters must be accessible, such as the 15-minute
blackout recovery time for all electricity meters [38].

In conclusion, the issue of enhancing network capacity and improving the per-
formance of EDs to meet smart metering requirements and function effectively in
challenging signal environments was emphasized. The subsequent sections explore
potential solutions for these problems in the context of B5G and current smart meter

deployment scenarios.

1.1.3 5G loT as an Enabler for Smart Metering Use Applications

The industry segment pertains to a newly introduced group of IoT applications that
necessitates stable, secure, and permanent connectivity with UE. A prime example
of such a requirement is the emerging smart metering technology [39]. This includes
electricity meters that have already been deployed, whether they lack communica-
tion modules or have legacy 2G modules that allow data communication via the
General Packet Radio Service (GPRS). As enhanced smart metering technology de-
mands permanent connectivity through sustainable wireless communication, it has
become a critical issue that requires dialog between mobile operators and electricity
distributors. However, the current situation is the opposite, with network operators
seeking effective network utilization and distributors accustomed to permanently

utilizing network resources and broadcast communications. The smart metering de-
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ployment strategy in the EU is even more demanding, with every deployed electricity
meter for locations with an annual consumption above 6 MWh requiring a smart
meter capability, or a communication module for remote metering and management,
starting from 2024 [40].

In recent years, the introduction of new industrial communication scenarios,
such as smart metering, has diverged significantly from the scenarios envisioned for
NB-IoT technology in the past decade. The 3GPP standardization body primarily
focused on covering [IoT communication scenarios for UEs performing asynchronous
data transmissions, resulting in purely stochastic traffic patterns. Consequently, dis-
cussions between telecommunication operators and industry companies have com-
menced |24} |41].

The energy distribution sector, specifically smart-grids, is pushing the boundaries
of conventional communication systems by incorporating cutting-edge Mobile IoT
technologies. Photovoltaic installations have increased rapidly over the past decade,
leading to the emergence of new segments. Electromobility and smart electricity
meters require reliable and constant connectivity, which is achieved by the develop-
ment of intelligent microenergy grids that are part of the 5G platform. It is not just
the communication between Electric Vehicles (EVs) and local charging stations that
is being enhanced, but also the communication between the grid and the electricity
distributor. This includes verifying the user, approving the charging process, and
finalizing the transaction with a payment [42]. Moreover, charging stations at home
or work, such as in underground garages, require permanent connectivity with the
distributor’s network [43].

The use of smart meters provides novel communication approaches to light. No-
tably, the intervals for data collection set by electricity providers range from 5 to 15
min and can be even more frequent in specific circumstances (e.g., when managing
the meter in response to a critical failure such as a power grid overload). In less-
demanding cases, data can be collected every hour. It is worth noting that these
nonstandard situations, which require rapid response times, are the main drivers of
the need for constant connectivity in two-way communication [44-46].

Given the brand-new set of requirements for smart metering applications us-
ing Mobile IoT technologies NB-IoT and eMTC, telecommunication operators have
started assessing the performance of these Mobile IoT technologies [29]. The com-
pletion of proof-of-concept trials has been impeded by two main factors: the scarcity
of fully operational smart meters with integrated Mobile [oT modules, and the cur-
rent level of Mobile IoT technology integration from the operators’ standpoint. To
address this deficiency, it has become necessary to generate initial data through

simulations and develop digital twins of anticipated scenarios.
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Network Capacity Planning and Optimization

Several methods have been proposed to address the ED density and capacity re-
quirements of mMTC in B5G systems. In 19, 31-34], the authors presented similar
ideas and approaches. One possible solution for extending coverage is to use newly
designed coherent modulation and coding schemes that can meet the requirements
for low-power transmission and robust communication. However, this method has
limitations, as it can only achieve a receiver sensitivity of up to —80dBm, which
may not be sufficient for remote areas. In addition, 4G random-access procedures
are insufficient for mMTC because of their demanding synchronization requirements
and high power consumption. Therefore, new approaches with newly designed se-
curity mechanisms, such as the proposed Physical Unclonable Function (PUF) [19)],
should be implemented to address the security challenges of constrained devices.

The second strategy focused on the access procedure. Researchers from |19} 33]
have recommended a straightforward cell-free or Grant-Free (GF) NOMA approach
with no explicit connection to the base station and with the potential for joint (aggre-
gated) reception, resulting in reduced communication overhead and radio resources.
However, the authors of [34] highlighted that legacy orthogonal resource allocation
is more demanding in terms of synchronization, but also decreases interference. In
contrast, non-orthogonal resource allocation enhances spectrum efficiency, although
it also increases interference and requires more complex decoding schemes. Conse-
quently, researchers have proposed solutions that combine both approaches based
on the specific needs of the application.

The final suggested approach is network densification. According to a study
by [31], increasing the number of base stations in specific areas enhances the Up-
link (UL) capacity and reduces interference, consequently lowering the necessary
transmission power for communication. This development, coupled with low-power
non-orthogonal receivers and the potential for zero-energy devices, could be crucial
for the deployment of billions of low-power sensors in urban areas, as described
in [19]. However, it should be noted that in some remote locations, the need for
long-range communication may necessitate higher power consumption, owing to its
associated drawbacks.

Smart-grids pose significant challenges to network capacity optimization. They
require an extended communication range and latency, which necessitates that
EDs maintain constant connectivity with the network in a Radio Resource Con-
trol (RRC)-connected state and poll EDs at regular intervals |[47]. This leads to
batch arrivals at the air interface, resulting in increased latency and violation of
5G mMTC requirements |48, 49]. The communication infrastructure’s primary re-

quirement is dictated by the reading pattern established by the Head-End System
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(HES), managed by electricity distributors. Typical intervals for reading requests
fall between 15 and 60 min.

Communication technology for smart meter deployments must be reliable and
able to function in areas with weak signal, which is why the NB-IoT was initially
selected. The communication infrastructure of electricity distributors follows tradi-
tional principles and relies on data communication protocols, such as Device Lan-
guage Message Specification (DLMS) and Companion Specification for Energy Me-
tering (COSEM), which require a secure communication path and a permanent
connection that can only be provided by licensed communication technologies.

To provide a real-world example of the aforementioned requirements, the amount
of data generated by an electricity meter typically ranges from 15 to 20 MB per
month. This amount of data is significantly higher than the initial assumptions
made in IoT scenarios, where only tens or hundreds of bytes were considered for
transmission. In addition, radio conditions play a crucial role in determining the
complexity of data transmission. Consequently, it was quickly realized that NB-IoT
may not be suitable for handling large amounts of data traffic. As a result, several
years after the introduction of NB-IoT, eMTC has emerged as a promising solution
for such use cases 29, 50].

The suggested strategy deviates from the conventional mMTC deployment, ne-
cessitating the development of a novel network capacity model to offer an optimal
dimensioning solution. To address this, the proposal entails creating a mathematical

model that encompasses multiple scenarios to address this issue [19} 51].

Multi-RAT Approach for Enhanced Service Provisioning

An earlier section emphasized the importance of optimizing EDs to be energy-
efficient and cost-effective, while still being able to communicate in signal-dead
zones. This section explores potential solutions to these challenges in both 5G
and emerging smart meter deployment scenarios. Machine learning (ML) methods
incorporated into the device offer promising mechanisms to address this issue, en-
abling ED to optimize its operations on the fly [19, 52]. However, the complexity
of this device poses a problem. Most constrained devices are considered; therefore,
the mechanism cannot be as intricate as many deep learning algorithms [52]. One
potential solution to the computational complexity is the digital twin of the device,
as suggested in [19]. Another approach is to use less complex algorithms for the
devices [52]. On the other hand, one proposed solution to improve communica-
tion delay, cost, and power efficiency is to implement a Multi-RAT with predictive
switching between RATSs, providing smart load balancing, which could offer even

more seamless communication.
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Another question is whether 5G systems can act as enablers for new communica-
tion use cases in mMTC scenarios in which traditional communication technologies
such as 2G, 3G, and 4G cannot be achieved. A potential approach could involve
a Multi-RAT solution that incorporates both 3GPP technologies utilizing licensed
spectrum and non-3GPP operating in license-exempt spectrum. Most LPWAN tech-
nologies, such as LoRaWAN, TEEE 802.11ah, and IEEE802.11p, are classified as
non-3GPP RATs. To facilitate compatibility between 3GPP systems (NB-IoT and
eMTC) and non-3GPP systems, the Non-3GPP Inter Working Function (N3IWF)
was developed, enabling access to the 5G Core Network (CN) [53].

The market offers various LPWAN technologies with unique features, leading to
the potential for multifunctional devices such as sensors, actuators, and aggregation
gateways to satisfy the demands of next-generation [oT devices operating in emerg-
ing 5G and B5G networks [54]. Although soldering multiple RAT transceivers on a
single board has been explored previously [55], current chipset manufacturers offer
short- and long-range communication capabilities [56, [57]. However, these chipsets
do not enable integration of recent LPWAN technologies (3GPP and non-3GPP) on
a single chip, which is necessary for future IoT devices.

LPWAN technologies, such as LoRaWAN, Sigfox, and Weightless, provide an
excellent communication range. However, these methods have other limitations.
For instance, license-exempt technologies face strict duty-cycle regulations, which
can lead to higher probabilities of outages owing to interference. In comparison,
licensed technologies like NB-IoT and eMTC do not face such limitations, but they
come with their own set of challenges. The most crucial concern is striking the right
balance between required data transmission rates and energy usage. According to
Mikhaylov et al. [19, 58], achieving an optimal balance between these two factors is
crucial for successful deployment of LPWAN technologies.

To attain this balance, using multiple radio interfaces on a single ED to en-
hance capacity through load balancing and to improve network availability is an
option [58]. Nevertheless, the question arises as to which RAT should be used for
data transmission at a specific moment.

Unexpected on-demand readings and remote management tasks can occur due
to severe system failures, such as power grid overloads. In these exceptional circum-
stances, electricity meters (EDs) and HES require both lower latency Downlink (DL)
communication and permanent two-way connectivity to function effectively. [44-46].
To enhance reliability and streamline ED design, solutions with multiple LPWAN
interfaces have been proposed [35, 59]. However, the challenge of selecting the opti-
mal RAT arises because operating over multiple interfaces necessitates minimizing
the latency at the air interface. However, reliance on well-established 3GPP infras-

tructure seems to be the best approach.

20



1.1.4 Thesis Motivation and Goals

Research aim of this work concerns optimizing the capacity of the mMTC Mobile IoT
network and enhancing end devices, which aligns well with current industry trends.
The global Mobile IoT connections are projected to significantly increase, with a
substantial growth driven by the adoption of cellular connectivity across various
sectors such as utilities, automotive, industrial, retail, and healthcare. This growth
emphasizes the need for research into improving the performance and efficiency of
[oT technologies, including LPWA technologies like NB-IoT and eMTC, which are
pivotal for applications like smart metering.

This research focuses on performance characteristics, implementation challenges,
and specific 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.

1.2 Research Objectives and Methodology

To achieve the goals of this doctoral thesis, Research Objective (RO) has been given

with four corresponding Research Questions (RQx).

RO: Research of ambitious field targeting optimizations of the mMTC
Mobile IoT network capacity and enhancements of the end device behav-

ior in case of emerging smart-grid services.

This study aims to explore and advance the optimization of mMTC Mobile 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 deployment feasi-
bility of LPWA technologies, particularly NB-IoT and eMTC, in stringent smart-grid
applications, which presents more demanding requirements for transmission delay
and type of traffic than initially anticipated.

« RQ 1 : What are the specific performance characteristics and limitations of
current cellular technologies in emerging use cases, such as smart-grids, and
where do the most significant gaps exist?

Obtaining a comprehensive understanding of the practical performance of cur-
rently deployed technologies, such as LPWA technologies NB-IoT, and eMTC,
is crucial in determining their suitability for various applications. This ques-
tion aims to investigate which use cases are feasible and whether there is a
necessity for optimization to ensure their successful implementation. Smart-
grids, which require permanent connectivity and stochastic data traffic, are

mentioned as a key use-case where these technologies are applicable.
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« RQ 2: How do future smart-grid applications evolve in terms of their require-
ments and deployments, and how do NB-IoT and eMTC perform in fulfilling
these demands? What are the limitations of these technologies in this regard?
This question delves into the suitability of NB-IoT and eMTC technologies
for smart-grids applications, which are becoming increasingly sophisticated.
It seeks to assess how well both technologies adapts to the specific needs of
smart-grid, such as long-range communication, reliable data transmission and
delay tolerances. The exploration includes an analysis of the inherent limita-
tions of NB-IoT and eMTC in this context, such as bandwidth constraints, la-
tency issues, or any potential challenges in scalability and interoperability with
existing infrastructures. Additionally, the study examines in-depth the cur-
rent status of smart meter installations worldwide and the European Union’s
regulations and specifications for smart metering systems. This understanding
will help in identifying areas where both technologies may need enhancement
to effectively serve the demands of smart-grids in the IoT landscape.

o« RQ 3: What are the effective strategies to improve the performance of cellular
technologies NB-IoT to meet the continuous connectivity, transmission relia-
bility, and communication delay demands of smart-grids applications?

This inquiry focuses on identifying and developing strategies to enhance the
performance of NB-IoT, predominant LPWA technologies, specifically for smart-
grids applications. It involves exploring various technical and network op-
timization strategies, such as advanced optimized traffic management algo-
rithm considering coexistence of regular sensoric traffic with stochastic traffic
of smart-grid applications. The goal is to refine this technology to ensure
effective provision of continuous connectivity, 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 performance.

« RQ 4 : What specific enhancements in Mobile IoT technologies are necessary
to meet the unique requirements of contemporary smart-grid systems if syner-
gistically combined in Multi-RAT for optimal performance?

The research inquiry aims to explore the feasibility of implementing Multi-
RAT through the use of NB-IoT and eMTC technologies to address emerging
smart-grid applications. Specifically, the investigation seeks to explore how to
optimally distribute the workload between two technologies, designating one
as the primary system and the other as a backup. The goal is to determine the
optimal number of devices to employ without compromising the smart-grid re-
quirements, thereby enhancing communication reliability. This investigation

focuses on striking the right balance between these technologies to achieve
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optimal performance and redundancy.

To achieve the objectives outlined in this dissertation, a general strategy was
implemented to address the aforementioned questions. This research will utilize a
combination of literature review utilizing both academic research to observe future
trends and industry white papers, and outputs of research projects with industry
partners to observe current deployments and near future trends. This research also
implies empirical measurements to identify or confirm research gaps pinpointed by
the literature review and simulation-based analysis utilizing inputs from measure-
ments to address the research questions. The approach includes:

1. Literature Review: A thorough examination of prior research centered on
mMTC, with a particular emphasis on NB-IoT and eMTC, has been con-
ducted. This review evaluates broader patterns in the realm of IoT, while also
concentrating on the applications of these selected technologies in the con-
text of smart-grids. The review encompasses both potential enhancements to
these technologies as well as their current deployment and deployment guid-
ance. Furthermore, the evaluation of smart-grid deployments and requirements
from European directive, energy distributors and telecommunication operators
is conducted to establish testing and optimization thresholds for the chosen
technologies.

2. Empirical Measurements: Undertaking performance evaluation campaigns
to gauge the capabilities and limitations of NB-IoT and eMTC in real-world
situations. This involves assessments of both technologies under ideal condi-
tions, as well as a stress test for NB-IoT, simulating heavily congested radio
networks. Conducting such extensive measurements necessitates elaborate in-
frastructure that encompasses the hardware and software design of remote
servers and prototype EDs.

3. Simulation-based Analysis: Developing mathematical models and simula-
tion tools to analyze and optimize network performance and end-device be-
havior in smart-grid applications is a critical aspect of the research. This
includes the development of optimization strategies that consider Multi-RAT
approaches that can effectively balance the load between primary and sec-
ondary wireless technologies. The second approach involves the evaluation of
a Single-RAT smart-grid application that must take into account the coexis-
tence of two different types of devices. The first type of device is represented by
mid-range smart meters that have strict connectivity requirements, while the
second type is represented by traditional battery-operated sensors that have
sporadic and periodic communication patterns. It is essential to optimize the
communication patterns of these devices to achieve good performance and

meet the communication requirements of the smart-grid.
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1.3 Key Contributions and Novelty

The main Contributions (Cx) proving the novelty of the thesis are organized in three
groups mapped onto the four RQs in RO formulated in Section [I.2]
C1. 5G IoT Applicability Assessment for Smart-Grids

A detailed overview of Mobile IoT technologies, NB-IoT and eMTC, focusing
on their performance and evolution across 3GPP Releases. This analysis identifies
potential bottlenecks for smart-grid use cases, aiding integrators in assessing present
and future applicability. The smart-grid use case is further examined in the context
of current and anticipated global deployments, with an emphasis on EU regulations
and future implementation trends. The key contribution of this description (referring
to in RQ1) is a comprehensive elaboration of both the use case and technologies for
service provisioning, which highlights their applicability and possible constraints.
The innovative contribution is supported by exact requirements, e.g. guaranteed
11 kbps of data throughput, 20 MB of data transmitted per day or a communi-
cation delay threshold of 2 s, which place a significant strain on both technologies
in the current deployments. Thus, the novel optimizations and enhancements in
future 3GPP releases should significantly improve the service provisioning of both
technologies on either the operator and the customer sides.
C2. Performance Evaluation of Current mMTC Technologies

To address the performance of NB-IoT and eMTC technologies with regard to
smart-grid requirements, as stated in RQ2, this thesis adds to C2 by carrying
out a measurement campaign and contrasting NB-IoT (LTE Cat NB2) and eMTC
(LTE Cat M1). Measurement scenarios were designed to identify limitations and
provide unique statistical data as a basis for novel optimizations of the NB-IoT for
data-intensive applications and to provide the first insights into the performance of
eMTC, an alternative technology. The key contributions of C2 are:

o Unique report and analysis of communication throughput, delay, and jitter for
the deployed network configuration across the whole communication budget of
NB-IoT and eMTC. This report provides novel recommendations and statistics
for service fine-tuning for time-sensitive data services.

o The results of the experiment reveal novel insight that both NB-IoT and eMTC
can provide adequate services to meet the requirements of the smart-grid.
However only in perfect radio conditions and not congested the network. By
this perspective eMTC is a better choice for smart-grid applications owing to
its higher data transfer rate, lower latency, and communication delay. NB-IoT
is more suitable as a backup connection when there is poor coverage, owing
to its longer communication budget. However, the second scenario emulating

heavy load on radio link utilizing 200 EDs under single cell confirms that lower
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data transfer rates and a narrower frequency bandwidth of NB-IoT results in
Random Access (RA) congestion, leading to significant communication delays.
The use of NB-IoT in such case without optimization is proven impractical.
C3. 5G-IoT Radio Interface Communication Delay Enhancements
To enhance the communication efficiency of congested radio interfaces in mMTC
technologies by decreasing communication delay, several proposals have been put
forth to address RQ3, based on results from measurement campaign. Initially, we
examined the influence of the new smart meter traffic coexisting with conventional
sensors, thereby merging both stochastic and regular traffic types. To achieve this,
a comprehensive and novel mathematical model was developed based on data from
a measurement campaign. From this model, a simplified version was devised to
address specific requirements for optimal message dissemination within 15-minute
interval. Finally, this study explores the future optimization of communication
procedures based on the Early Data Transmission (EDT) mechanism outlined in
3GPP Release 15. While the first two concepts are immediately applicable as they
are not dependent on future 3GPP releases, the latter is subject to such constraints.
o C3.1 Comprehensive Model for NB-IoT Smart Metering Traffic
The novel models developed in this work can be utilized to assess the resources
required to be allocated to the NB-IoT system to fulfill specified delay guar-
antees of merged stochastic and regular traffic types. The key contributions
of C3.2 are summarized as follows:

— A innovative mathematical model that captures the behavior of the sys-
tem when conventional and new types of EDs requiring consistent con-
nectivity coexist and share the NB-IoT air interface. By employing state
aggregation method and its corresponding numerical algorithm, a simpli-
fication of the model enables evaluating the average communication delay
for the considered stochastic and regular traffic types.

— The unique numerical results reveal the following: (i) The NB-IoT sys-
tem remains stable for 72 x 10* conventional and 9 x 10® permanently
connected EDs in the system; (ii) the required 2 s delay performance for
permanently connected EDs is not met when there are more than 100
such UEs in the system, and (iii) by increasing resources, for example,
PRBs to three, the latency requirements are met for 240 EDs.

o C3.2 Optimal Spreading of NB-IoT Smart Metering Traffic
To provide a simplified and more practical model, a straightforward and in-
novative method is proposed to distribute message transmission time slots for
regular traffic in the presence of conventional random transmissions. We cal-
culated the average message transmission delay for both types of traffic as a

function of the system parameters. By employing both analytical and simu-
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lation techniques, we determine the optimal spreading interval and assess the
overall performance of the system. The key contributions of C3.1 are:

— The widening of communication intervals aims to enhance the delay per-
formance of both considered traffic types in the NB-IoT deployment.

— The unique optimal spreading interval and associated mean message
transmission delay for NB-IoT network can be estimated using a mathe-
matical model parameterized by the results of a measurement campaign.

— Novel network capacity planning for the NB-IoT is based on the obser-
vation that the optimal spreading interval and mean message delay of
regular traffic are directly proportional to the number of EDs.

e (C3.3 Future Optimization Strategies
This study examines the NB-IoT features introduced by 3GPP in Release 13 as
well as Release 15’s EDT for smart-grid scenarios. The innovative simulation
results demonstrate that EDT is a powerful feature for reducing transmission
delays by more than 50% and improving spectrum efficiency with reduced
overhead. The significant decrease in latency was especially for smaller mes-
sages (less than 97 B in UL and 57 B in DL), and our novel results confirm
that a NB-IoT (NB1) network can manage 1,000 smart meters per single base
station communicating in a 15 min window.

C4. 5G-10T Radio interface communication reliability enhancements

To improve the dependability of mMTC communication technologies and ad-
dress RQ4, a novel theoretical model and corresponding algorithm based on data
from measurements were developed to balance the traffic load between NB-IoT and
eMTC. The key contributions of C4 are summarized as follows:

e The innovative outcomes demonstrate that the optimized utilization of Multi-
RAT EDs significantly increases the number of EDs operating in the polling-
based mode. Already for 500 EDs using single eMTC technology, the mean
access delay exceeds two seconds, which conflicts with the minimum require-
ments of smart-grid applications. Conversely, Multi-RAT EDs running the
developed algorithm enhance the service capacity by up to six times (up to
3,000 EDs) while still adhering to the two-second latency budget.

« A unique observation that (i) in the RRC connected state, within standard
NB-IoT and eMTC parameter values, an optimal load balance point always
exists between the two technologies. (ii) For EDs with purely random arrivals,
which are typical of those that go through idle and connected states, eMTC
technology is always the preferred choice and NB-IoT should only be used
when eMTC is fully occupied. (iii) By utilizing the optimized usage of Multi-
RAT EDs, it is possible to support a higher number of EDs in polling-based

mode, up to six times more than with a single NB-IoT.
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2 Cellular Technologies for Smart-Grid Ap-
plications

This chapter commences with a comprehensive review of mobile system history,
tracing the developmental trajectory from outdated mobile systems to the latest
technological advancements in 5G, while also touching upon future innovations. The
initial portion of the chapter primarily emphasizes key technological improvements
with highlights of the M2M communication direction and is subsequently expanded
upon with a technical overview and roadmap of the Mobile IoT technologies of
NB-IoT and eMTC. The final section of the chapter is dedicated to the deployment
guidelines of both technologies and a comparison of their current forms up to 3GPP
Release 17. For the purpose of this thesis, in terms of performance evaluation, the
focus of the last part is on deployment in 3GPP Release 13 and 14, with a brief
mention of the anticipated improvements in Release 15, which not only adhere to
the 3GPP’s definition in its entirety but also exclude features that lack practical
applicability.

2.1 From Legacy Towards Fullscale 5G

The development of next-generation heterogeneous systems for 5G and B5G neces-
sitates the integration of various technologies that cater to specific service require-
ments. One way to classify these technologies is based on their frequency spectrum.
The standardized division includes the Frequency Range (FR) 1, which encompasses
low frequencies (sub-GHz) and mid frequencies (1-7 GHz), and the FR2, which fea-
tures high frequencies (above 7 GHz). Frequencies above 7 GHz are well-suited for
precise positioning, short-to-mid-range data transmissions due to high propagation
losses, high data rates due to high-order modulations, and up to 400 MHz transmis-
sion Bandwidth (BW). These properties make them ideal for eMBB applications.
However, the same frequencies do not provide sufficient capabilities for Mobile IoT
use cases outlined in this thesis, as they necessitate high data throughput of less
reliable and robust communication schemes suitable for data streaming. The mid-
band frequencies, which were employed in legacy mobile systems of 2G to 4G, serve
as a middle ground between coverage and data throughput. Nevertheless, industry
requirements are moving towards end-to-end connectivity, and sub-GHz frequencies
are the most suitable for these purposes. Technologies like the LPWA sub-group
from the mMTC group (Mobile IoT), which utilize sub-GHz frequencies, gained
momentum in the market in the last decade. Although this work focuses on long-

range technologies with end-to-end connectivity provisioning and predominantly star
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topology deployment, it is essential to note that for smart home scenarios or indus-
try scenarios with aggregation points, short/mid-range technologies such as WiFi,
BLE, Zigbee, Matter, or WiSun can be considered [19, [22].

As previously mentioned, the utilization of sub-7 GHz or even sub-GHz frequency
spectrum presents undeniable advantages for mMTC. To provide a comprehensive
overview of the evolution of wireless mobile networks, following text delves into the
progression from legacy human-centric 2G systems to heterogeneous 5G networks.
Although the description includes all major enhancements in 5G systems including
those utilizing above 6 GHz frequency spectrum, further elaboration on these en-
hancements is beyond the scope of this study. Instead, the focus is on a specific

group of sub-GHz Mobile IoT or LPWA technologies and their associated features.

Reflections on the Historical Development of Mobile Systems

Today, the market for the IoT, particularly in mobile smart metering, is still largely
occupied by legacy 2G technologies, such as Global System for Mobile Communica-
tion (GSM) extended through the GPRS with data rates of up to tens of kilobits
per second (kbps) and later introduced Enhanced Data rates for GSM Evolution
(EDGE) technology, which utilizes eight-state Phase Shift Keying (PSK), stepping
up data rates of up to 200 kbps. This technology is better suited to the requirements
of smart metering compared to 4G in terms of complexity, cost, communication
robustness, and data throughput but lacks the crucial security and other improve-
ments. As a result, 2G IoT is on the decline, with the forecast of being completely
phased out within the next decade [60-62].

The fourth generation of mobile networks, commonly referred to as 4G, remains
the most widely utilized technology today. This generation of networks provides
a unified telecommunications service provisioning, which is primarily based on the
Internet Protocol (IP) and is packet-oriented. In this system, the Base Station (BS)
controllers have been removed from the infrastructure, and a new access solution,
Orthogonal Frequency-Division Multiple Access (OFDMA), has been implemented.
The improved infrastructure, which consists of only one element on the access net-
work side (Evolved NodeB or eNodeB), has resulted in low latency of tens of mil-
liseconds, which is suitable for real-time services [62-64].

The foundation of LTE was established in 3GPP Release 8; however, the true
4G network was first introduced in Release 10 (LTE-Advanced) with a data rate
of over 1 Gbps. This was achieved through the use of Carrier Aggregation (CA)
with subsequent optimization in Release 11. Additional enhancements were made
in the form of Multiple-Input Multiple-Output (MIMO) operations in the UL/DL,

new frequency bands, or self-optimizing networks to improve human-centric service
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provisioning for mobile broadband [62-64].

When it comes to smart metering, the current trend with legacy 4G technolo-
gies offers LTE categories 1 or 1-bis, which are capable of meeting smart meter
requirements. These technologies are built on well-established infrastructure and
utilize the low cost of category 1 devices. However, upcoming Mobile IoT or 5G IoT
standards significantly surpass these legacy 4G technologies in terms of long-term
support, the number of connected devices, energy efficiency, communication budget,
and more [62H64].

Early Implementations of 5G Body

Prior to the advent of 5G technology, mobile networks were primarily developed
for human-centered communication. However, the shift toward M2M communica-
tion was initiated with the release of 3GPP Release 10. Despite the introduction of
this technology, the mobile network standards defined by 3GPP are not currently
available. The necessity for power-efficient, and dependable low-data-rate transmis-
sion at low frequencies has resulted in the emergence of a multitude of long-range
wireless technologies. As a consequence, with the emergence of 5G and LPWANS;,
these legacy technologies have lost momentum and are now only utilized in specific
situations [65].

In the 3GPP Release 13, innovative techniques and enhancements were intro-
duced to facilitate mMTC services made possible by cutting-edge technologies such
as NB-IoT and eMTC. These enhancements included power-saving operational modes,
robust communication measures using repetitions and robust modulation and cod-
ing schemes, and a streamlined protocol stack that is still interoperable with and
deployable to legacy 4G systems. Moreover, Release 14 continues to concentrate on
optimizing mMTC for future 5G integration [22].

The major change in priority came in Release 15, where the focus was given
to another part of 5G verticals, namely eMBB. This was issued by introducing
Non-Standalone (NSA) 5G with current deployments utilizing frequency carriers
below 6 GHz (1.8 to 3.6 GHz) and bandwidth up to 100 MHz enabling increased
data throughput. The NSA deployment indicates the novelty is in the radio access
network part, but the core network and signaling are delivered by 4G network.
Going towards releases from Release 15, the trend goes toward eMBB evolution by
introducing pure standalone 5G utilizing frequency carriers in frequency spectrum
up to several tens of GHz (up to 52.6 GHz) known as mmWaves. Release 15 also
introduces basic New Radio (NR) URLLC support further enhanced in following
releases. This could be an enabler for use-cases such as VR or AR enabled by

small-time units, edge-computing, and network slicing mechanisms enabling desired
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features of extremely low latency and superior reliability [19, 23} |26l 54} 56, [65].

Release 16 shifts focus from primarily eMBB toward the industrial use-cases.
Here is introduced integration of mMTC technologies NB-IoT and eMTC in 5G
core, enabling the 5G IoT with further IIoT enhancements. Release 16 also brings
desired Non-Public Networks (NPNs) that aims for private company infrastructures
replacing or competing with WiFi 7 or UWB. However full 5G NPN package already
in Release 16 combines strong side of both mentioned competitors and outperforms
them with additional enhancements such as mobility, security, network robustness,
data throughput, low latency etc. As the hight frequencies fo 5G, FR2 especially,
which brings environmental challenges in terms of radio propagation, Release 16 in-
troduced new type of wireless distributed infrastructure Integrated Access Backhaul
(IAB) to help overcome this issue [19; 23, [54} |56], 65].

Advancements in 5G Deployments and the Transition Toward 6G

Later Release 17 introduces three crucial innovations. Beside eMBB enhancements
in form of use of FR2 frequency spectrum moving up to 71 GHz fo mmWaves intro-
duces new major communication technology NR-Light known as Reduced Capability
or RedCap, which serves as middle ground and universal solution for all 5G use-cases
since it draws specifics from all three 5G pillars eMBB, URLLC and mMTC. This
technology is very capable for all mid-level use-cases such as advanced smart meters
and wearables. Third major enhancement of Release 17 is enabling affordable and
less complex mobile to satellite communication in form of Non-Terrestrial Networks
(NTNs) for both high throughput NR and robust IoT (eMTC/NB-IoT). During the
completition of this thesis, Release 18 was the last with complete definition introduc-
ing beside enhancements of previous releases the first AI/ML features to physical
layer of 5G RAN together with also support of NR UAVs and enhancements for
Security and Public Safety (NSPS) vertical. With Release 18, 3GPP body enters
the 5G Advanced state. Upcoming Release 19 is in its initial state taking actions to
prepare ground for 6G coming in 3GPP Release 21 |19, 23} 54} 56, [65].

Overall continuous 5G evolution based on standardization of 3GPP releases is
as illustrated in Fig. The next steps in the evolution in 3GPP body from 3GPP
Release 19 are expected to be further enhancements of NTNs and next phase of
AI/ML models adoption in the 5G advance networks. Early studies of this release
also indicates support of metaverse in enhanced Mixed Reality (XR) use-cases or
NR-enabled wake-up-signal, wake-up-receivers and ambiently powered IoT devices
further going toward green IoT and sustainable mobile networks [19, 23 54, 56, 65].

30



5G phase 1 5G phase 2 5G enhancements 5G-Advanced
eMBB focus  industry expansion continued expansion

Rel-15 Rel-16 Rel-19 Rel-20+

5G NR foundation | eMTC/NB-IoT 5G Corel NR-Light (RedCap) * Enhanced NRIGTNTN Early studies: * Further 5G
(NSA/SA) : TIoT support enhanced I NRNTN : Enhanced RedCap : NR LP-WUS/WUR : Advanced
Sub-7 and mmWave | NR-Unlicensed ) IoT NTN (LTE-M/NB-IoT) | Enhanced eMBB: mobility, | NRAIMLsupport |  enhancements
Scalable & forward | NPNs | mmWave upto 71 GHz : MIMO, beamforming : Ambient-powered 10T | Towards 6G
compatible ) Enhanced NR URLLC | Improved: IoT, positioning | XR support enhancement | NTN enhanced I inRel21
Basic URLLC support | NR broadcast I vax : Out-of-coverage scenatios : XR and metaverse :
mMTC LTE-M/NB-IoT, IAB topology : Enhanced: IAB, RF repeaters | AI/ML-based RAN (PHY) | NPN enhanced |
| eMBB: MIMO, device | URLLC, NPN : enhancement : Network of service :
: power, CA/DC, mobility: NR multicast and broadcast | NR UAV support | robots |
INR V2X sidelink | I Enhanced NR multicastand ! !
' NR positioning ' : broadcast : :
O O O O O O O O O
2018 2019 2020 2021 2022 2023 2024 2025 2026+

Fig. 2.1: 5G and beyond evolution from the perspective of 3GPP releases .

2.2 Enhancements and Evolution of 5G loT

As the notion of IoT shapes the idea of MTC for low-power end devices, such as
sensors, servers, and data processing systems, it has become evident that tradi-
tional wired and wireless communication technologies, such as 2G, 3G, and 4G,
which focus primarily on mobile broadband, cannot handle data transmissions with
the necessary Quality of Service (QoS) . The development of these systems
towards eMBB aims to meet the principal performance requirements as defined by
the ITU-R M.2410, which specifies stable data rates in hundreds of Mbps with peak
rates in tens of Gbps or communication delays in tens of ms [24].

In contrast, the primary requirements for IoT and Industry 4.0 involve reliable
communication over an extended range rather than high-speed transmission. The
goal is to achieve a dense coverage of 1 million UEs per km?, with low commu-
nication loads from devices that are mostly in low-power consumption states .
Consequently, a narrow group of technologies collectively known as LPWA technolo-
gies has emerged in the past decade and gained popularity owing to their ability to
transmit small data blocks over long distances with minimal power consumption,
particularly in the context of IoT and Industry 4.0 [6769].

LPWA technologies aim to deliver cost-effective, energy-efficient, and scalable
solutions for MTC or mMTC. Current LPWA technologies fall into two main cate-
gories based on their frequency spectrum usage: those requiring licenses and those
that are license-free. The former includes 3GPP NB-IoT and eMTC technologies,
which make up the Mobile IoT group. The latter encompasses various technologies
operating in unlicensed frequency bands, with LoRaWAN being the most notable
example. Because license-exempt technologies share frequency spectrum with other

unsynchronized systems, there is a potential for interference occurrence [70]. How-
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ever, this work primarily focuses on the Mobile IoT technologies due to their industry
momentum.

NB-IoT and eMTC, two prominent LPWA technologies, have become essen-
tial components of the 5G cellular systems. Initially defined by the 3GPP in Re-
lease 13 and integrated into the LTE infrastructure, these technologies were intro-
duced as alternatives to the existing long-range communication technologies, such as
LoRaWAN. Both technologies are defined based on the 3GPP LTE standard, with
additional features specifically tailored to meet the requirements of the industrial
sector and demanding data transmissions. Unlike technologies such as LoRaWAN,
and Wireless M-BUS, which use license-exempt frequency spectrums, the 3GPP cel-
lular technologies for ToT and Industry 4.0 employ dedicated (licensed) frequency
spectrum, similar to those used in 4G cellular systems |71}, 72].

The official integration of both technologies into the 5G ecosystem was defined
in 3GPP Release 15, with real integration into 5G infrastructure occurring in Re-
lease 16. With each new 3GPP Release, the array of features continues to expand,
driven by anticipated communication scenarios that demand simple, performance-
constrained, battery-operated devices. Mobile IoT technologies enable various ap-
plications, including remote monitoring and measurement, asset location tracking,
real-time surveillance, and smart metering. These use cases represent just a few

examples of the possibilities opened up by these advancements |73, [74].

2.2.1 Evolution of Narrowband Internet of Things

Compared to conventional 4G (LTE) communication systems designed for human
use, NB-IoT, defined in Release 13, offers several game-changing features. These
include extended coverage, enhanced power-saving modes, and a more limited set
of functionalities. Thanks to these features, NB-IoT can connect devices in difficult
positions and enable long battery life while reducing device complexity. By 2018,
NB-IoT had become the preferred cellular communication technology for remote
metering across Europe as the IoT market continued to evolve [62} 75, [76].
NB-IoT is specifically engineered to meet LPWAN requirements, including en-
hanced coverage of up to 164 dB (20 dB more than traditional LTE systems),
extended battery lifespan exceeding ten years, and communication latency under
10 seconds. Leveraging LTE numerology, NB-IoT can be implemented within the
same frequency band as existing LTE, utilizing a 180 kHz spectrum segment (single
Physical Resource Block (PRB)) in in-band mode. This configuration divides the
spectrum segment into channels with either 3.75 kHz (UL only) or 15 kHz (both
UL and DL) spacing, balancing extensive coverage and high UL capacity within the

constraints of narrow spectrum deployment. Additionally, NB-IoT can be deployed
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in the LTE guard band or as a standalone channel, as illustrated in Fig. [77,78].
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Fig. 2.2: The possible NB-IoT deployments.

Coverage Enhancements

The main objective of LPWAN is to extend coverage, which is mainly achieved in the
case of NB-IoT by utilizing low-rate Modulation Coding Schemes (MCS) and rep-
etitions. Notably, the Narrowband Physical Random Access Channel (NPRACH)
that employs single-tone transmission with a 3.75 kHz subcarrier spacing and up to
128 repetitions. Additionally, formats 0 and 1, which utilize 66.67 us and 266.7 us
cyclic prefixes, respectively, allow for cell radii of up to 10 km and 40 km. Further-
more, UL transmissions supported by a Narrowband Physical UL Shared Channel
(NPUSCH) may also use up to 128 repetitions. NPUSCH can use 3.75 or 15 kHz
spacing with 7/2-Binary-Phase Shift Keying (BPSK) or 7/4-Quadrature Phase-
Shift Keying (QPSK) modulated signals to reduce the Peak-to-Average Power Ratio
(PAPR) in single-tone mode. Another option is to employ a 15 kHz spacing with
QPSK modulation in multi-tone mode. Moreover, NPUSCH supports Transport
Blocks (TB) of up to 1,000 bits in Release 13. It also uses a Demodulation Ref-
erence Signal (DMRS) specifically for channel estimation in the frequency domain.
In contrast to the UL, which comprises NPRACH and NPUSCH signals, the DL
frame structure incorporates as many as eight distinct signals/channels. These de-
fine 15 kHz spacing and utilize QPSK modulation, with a maximum TB size of
680 bits [68], [69], [79)].

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 s limit when the message exceeds the actual TB
size. To address this issue, NB-IoT introduces three Enhanced Coverage Level (ECL)
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classes that define the TB sizes and maximum number of repetitions for each channel.
These classes are illustrated in Fig. [2.3, where the system moves to the appropri-
ate ECL based on threshold values. The RSRP and 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 .

ECLO MCL: 133 dB ECL1 MCL: 156 dB ECL2 MCL: 164 dB

RSRP: <-110 dBm RSRP: <-133dBm &
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Fig. 2.3: Coverage enhancement levels [3].

Power Consumption Enhancements

The design of NB-IoT protocol is based on LTE and its procedures, which were
substantially simplified, but the signaling in early 3GPP Releases 13 and 14 with
full random access procedure and not relaxed cell measurements still remain rather
power-hungry. However, improved energy efficiency is ensured by power saving
modes defined in 3GPP Releases 12 and 13 that allow extending the paging period
or even completely turn off the radio interface [22].

The latter mentioned mechanism is Power Saving Mode (PSM) in which the
device turns off the radio part and leaves only RTC running while entering deep-
sleep mode with a duration defined by timer T3412. The device is still registered to
the mobile network, but it must periodically (when the timer expires) report to BS
via Tracking Area Update (TAU) message. The device is subsequently reachable
only in a short periodical interval of activity defined by timer T3324 .

The second mechanism is extended Discontinuous Reception (eDRX) which al-
lows the device to listen for incoming messages in pre-specified paging intervals
ranging from 2.56s up to almost 3hours. Nevertheless, connecting to the network
or sending data leads to increased NB-IoT radio power consumption due to extensive
signaling and high transmit power (up to 23dBm for UE power class 3). This can
result in significant current draw, potentially reaching 300 mA at peak for a 3.3 V
system. To address this issue, numerous optimizations and new features have been
introduced to NB-IoT in recent years, including the EDT mechanism implemented
in Release 15 80}, [81].

NB-IoT procedure with illustrated power consumption according to the 3GPP
Release 13 is depicted in Fig[2.4] which completes the remaining NB-IoT channels
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utilized before the data transmission. The Narrowband Reference Signal (NRS) is
utilized for assessing download channel conditions, which is essential for measur-
ing signal strength and quality. Additionally, Narrowband Primary Synchronization
Signal (NPSS) and Narrowband Secondary Synchronization Signal (NSSS) are em-
ployed to align UE with the NB-IoT cell. These signals enable UE to identify the
Physical Cell Identity (PCI) through a synchronization algorithm during initial ac-
quisition, without prior knowledge of deployment mode, based on an 80 ms repetition
interval in specific subframes. The Master Information Block (MIB) is broadcast
every 10 ms via the Narrowband Physical Broadcast Channel (NPBCH). Meanwhile,
the System Information Block (SIB), along with UL grant and DL scheduling infor-
mation, is transmitted through a Narrowband Physical Download Control Channel
(NPDCCH) with a fundamental Transmission Time Interval (TTI) of 1 ms. The ac-
tual unicast data from eNB to UE is conveyed via a Narrowband Physical DL Shared
Channel (NPDSCH). Upper layer packets are divided into one or more Transport

Blocks (TBs) and transmitted sequentially 79, 32, [83].
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Fig. 2.4: Operational modes for NB-IoT (3GPP Release 13): (i) TAU, (ii) IDLE
with (e)DRX, (iii) PSM and (iv) data transmission [29].

Data Transmission Enhancements

To achieve the objective of serving numerous UEs through a single eNB, Mobile IoT
necessitates reducing signal overheads, particularly in the RAN. In order to achieve
this, Release 13 introduced Mobile IoT Evolved Packet System (EPS) optimization
in both the Control Plane (CP) and User Plane (UP). Both optimizations included
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additional improvements in the form of an Attach procedure without a PDN context,
allowing UEs to remain in an inactive connection state for an extended period with
minimal data communication in congested RAN areas 83, [84].

User Plane Optimization: The RRC Resume Procedure, a feature of NB-1oT
technology, is implemented following an initial RRC connection that sets up radio
bearers and the Access Stratum (AS) security context. When the User Equipment
(UE) is in the RRC Idle state, it stores the context at the UE, eNB, and Mobility
Management Entity (MME). This stored context is then utilized to reestablish the
connection when new traffic arises, as illustrated in Fig. [2.5 For context restora-
tion, the UE must furnish the Resume ID employed by the eNB to access the stored
UE data. This mechanism enables the UE to circumvent AS security setup and
RRC reconfiguration during each data transmission. Data transfer optimization is
facilitated through the utilization of a user plane, which permits subsequent com-
munication via established data pathways. Thus, the RRC Resume Procedure can
be used for both short- and long-duration data transactions , .

Data Transmission
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Fig. 2.5: NB-IoT: User Plane Optimization .

Control Plane Optimization: This optimization enables the UE to employ
CP to transmit data packets packaged in Non-Access Stratum (NAS) signaling mes-
sages to the MME. Consequently, the UE bypasses AS security configuration and UP
bearer establishment (Fig.[2.6). This approach is particularly advantageous for brief
data transfers. In addition, to minimize communication overheads and consequently
reduce power consumption, the introduction of Non-IP Data Delivery (NIDD) over
CP has been implemented 83, [84].

Last to mention is that NB-IoT as specified by 3GPP Release 13 provides lim-
ited mobility through cell reselections in RRC Idle mode only, without handover

36



Data Transmission

«—— Overheads ————» R« Overheads ——»

m 1Al 1Al | | | | |
2 il R i i i i i
S ]|
b I Nl I | I I
PN e oy ' SO S SO
PSSR RIS RIS R R
N QRITO R TIRO D T0 A0 R TI0R TR T0OA
S2S5xSS3088 5588288588588
IZIZ 2 LRNZ IUNZRZZIALZZIAZZ LS =2
[ Tk I S Z = =t
b plo . i i i i i
AR EER R RN
1 T U 7 Iy 7T 7T 7T ]
MSGI MSG2 MSG3 MSG4 MSG5 + MSG5 Ack  App Ack RRC  RRC Conn
App Data Conn Rel  Rel Ack

Fig. 2.6: NB-IoT: Control Plane Optimization .

functionality. Moreover localization options are also limited, enabling only Tim-
ing advance (TA)-based localization techniques, which are readily available without
additional hardware or investment, relying on a database of BS coordinates and

frequent radio communication for TA value adjustment. This makes them ideal for
[oT applications that do not require high accuracy , , , .

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 [62].

UE Power Class 6, paging and random access on non-anchor carriers:
Release 14 brought notable improvements in terms of coverage and power consump-
tion, particularly through the introduction of a new UE power class with a maximum
output power of 14 dBm. This addition caters to devices with specific power con-
straints and facilitates more efficient usage in urban areas with dense base station
coverage. Additionally, Release 14 introduced support for paging and random access
procedures on non-anchor carriers, which enhances flexibility and improves network
performance [62, [75, [76].

Release Assistance Information (RAI): In terms of data communication
and radio resource utilization, essential features were defined for CP optimization
in the form of RAI in NAS signaling. This allows the UE to notify the MME
that no further data transmission is expected, and a single DL data transmission
following this message is anticipated. Consequently, the MME can immediately

initiate the release procedure, thereby reducing the duration of the UE waiting
period for potential data transmission , .
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Increased data throughput, Single-cell Point-to-Multipoint (SC-PTM)
multicast: Additionally, Release 14 brings two other optimizations to data trans-
mission. Firstly increasing the peak data rates for NB-IoT UE improves the overall
efficiency and usability of the technology for a broader range of applications. This
is achieved by introducing a TBS increase in both the UL and DL shared channels
to 2536 bits, together with the introduction of additional Hybrid Automatic Repeat
Request (HARQ) (maximum two HARQ possible). This leads to a peak data rate
increase from 62 kbps to 159 kbps in the UL and from 27 kbps to 127 kbps in the
DL. The second significant enhancement is the support for multicast DL transmis-
sion using SC-PTM feature. This allows the efficient distribution of the same data
to multiple devices, which is particularly useful for applications such as firmware
updates and broadcast services [62, |75, 76].

Improved positioning, connected-mode mobility: Release 14 presents a
number of improvements to positioning services. These services employ Enhanced
Cell-ID (E-CID) and Observed Time Difference of Arrival (OTDOA) techniques.
E-CID positioning increases the accuracy of the TA-based method by incorporating
additional measurement information such as Narrowband Reference Signal Received
Power (NRSRP) and Narrowband Reference Signal Received Quality (NRSRQ).
This is particularly important for applications that require precise location data,
such as asset tracking and navigation. Although these enhancements do improve
accuracy compared to the previous Release 13 method, they are still not as precise
as bG NR techniques owing to NB-IoT communication delay constraints and narrow
bandwidth. Moreover, the connected-mode mobility functionality of Release 14
increases UE mobility, facilitates handovers, and ensures that devices continue to
operate at peak performance levels even in highly mobile conditions [62, 75, 76].

Relaxed reselection monitoring: Release 14 offers a novel mechanism for
cell reselection in the NB-IoT that is designed to decrease the power consumption
of IoT devices. Conventional cell reselection processes typically involve frequent
assessments of neighboring cells, which can be energy-intensive. With the relaxed
monitoring approach, the frequency and magnitude of these assessments are reduced,
enabling devices to preserve battery life while maintaining a reliable connection.
This feature is especially beneficial for IoT devices that remain stationary or semi-
stationary, such as smart meters and environmental sensors, because they do not

frequently change their position [62, 75| |76].

3GPP Release 15 Advancements

3GPP Release 15 places a strong emphasis on diminishing latency and energy con-

sumption. This release also introduced enhancements to measurement accuracy,
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with the aim of improving network performance and dependability. Additionally,
3GPP Release 15 made advancements in random access reliability and range, which
are critical for device connectivity and network access [62, |75, |76].

Support for small cells, access barring, and TDD: Release 15 featured
significant enhancements to support small cells, enabling greater network densifica-
tion and increased capacity. The inclusion of Time-Division Duplex (TDD) support
provided greater flexibility in spectrum usage, allowing networks to adjust to fluc-
tuating traffic patterns. Additional improvements to ECL access barring and eDRX
mechanisms were also introduced to effectively manage network access during con-
gestion and optimize power-saving features |62, 75, 76].

Battery Efficiency Security for low Throughput (BEST): BEST is a
highly efficient encryption mechanism that enables data to be encrypted with min-
imal overhead, making it well-suited for low-power IoT devices. It is particularly
effective for control plane transmissions using 3GPP Authentication and Key Agree-
ment (AKA) symmetric cryptography. This enhancement ensures that data remains
secure without significantly impacting battery life, which is crucial for IoT appli-
cations where devices often have to operate for extended periods on limited power
sources [62, 75, [76].

Scheduling Request (SR): NB-IoT was introduced with an enhanced SR
mechanism to improve the efficiency of UL data transmission. This enhancement
reduces latency and control signaling (transmissions necessary for requesting UL
resources), supports sporadic data transmission, and optimizes power consumption,
making it particularly suitable for IoT applications that require extended battery
life and reliable data transmission [62} 75, [76].

Reduced System Acquisition Time: Release 15 implemented mechanisms
to reduce latency by improving the BS search procedures and system information
acquisition across all operational modes. This was achieved by (i) increasing the rep-
etitions of NPSS/NSSS/NPBCH, minimizing false detections, and enhancing corre-
lation properties. (ii) SIB1-NB is repeated in other subframes or carriers to ensure
reliable system information delivery. (iii) Introducing mechanisms such as WUS,
enabling devices to skip reading MIB-NB, SIB1-NB, and SI messages, thus reducing
the time and power required for initial access and ongoing operations [62, 75, [76].

Wakeup Signal (WUS): In 3GPP Release 15, the WUS enhances NB-ToT
power efficiency by allowing devices to stay in deep sleep mode until a specific
signal from the eNodeB instructs them to monitor the NPDCCH for paging. If
the WUS is not received, the device skips the paging procedures, keeping hardware
off longer and saving the energy needed for decoding NPDCCH and NPDSCH.
This low-complexity signal is detected with minimal energy, and devices wake up

during synchronized windows, optimizing the transitions between sleep and active
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states. Configurable wake-up windows balance power use and latency, extending
battery life for IoT applications with infrequent data transmission, such as low-end
smart meters and environmental sensors, making the NB-IoT suitable for long-term
deployments [62, 75, |76].

EDT: The introduction of the EDT mechanism has greatly enhanced the uti-
lization of frequency spectrum. In RRC Idle mode, the UE is able to send messages
during MSG3, also known as the RRC Early Data Request in EDT. The RAP can
be terminated by the RRC Early Data Complete message once the UL transmission
is successful. It’s important to note that this message may include DL informa-
tion, such as application confirmations, which prevents the UE from moving to a
connected state unless the MME or eNB determines otherwise. EDT makes use
of a predetermined set of NPRACH resources. The EDT’s backing and the new
NPRACH scheme have made it possible to extend coverage from the original 40 km
defined in Release 13 up to 100 km |79, |83, |84].

3GPP Release 16 Advancements

In 3GPP Release 16, the primary objective is to incorporate NB-IoT within the
framework of 5G networks. This integration facilitates the ability of NB-IoT to
accommodate new use cases and deployment scenarios that are envisioned for 5G
networks. Ongoing enhancements have been implemented to optimize the overall
performance of NB-IoT, including its throughput, latency, and reliability. Further-
more, new features have been introduced to support emerging 5G applications, such
as Massive [oT deployments and critical (URLLC) IoT. These advancements ensure
that NB-IoT remains a relevant and robust technology for the evolving landscape
of 5G networks 75| |76].

Industrial IoT: The primary focus of Release 16 is on URLLC IoT for man-
ufacturing. In order to address the needs of Industry 4.0, a new vertical known as
[ToT was introduced. This IToT vertical is comprised of the mMTC and URLLC and
offers support for industrial protocols, including Profinet and the implementation of
5G Local Area Networks (LANSs) for industrial use |75, [76].

Grant-Free Access: This update incorporated the functionality for devices
to send transmissions in RRC-Idle mode through Msg3 (RRC connection request)
without an access grant and in RRC-Connected mode without a grant or with a sim-
ple control grant. Doing so decreases power consumption and latency by reducing
the need for excessive signaling messages 75|, [76].

Simultaneous Multi-User Transmission: New techniques, such as Code Di-
vision Multiplexing (CDM) and Multi-User MIMO (MU-MIMO), have been imple-

mented to enable simultaneous transmissions by multiple users by sharing resources

40



in both the time and frequency domains. This was accomplished without the need
for additional antennas |75, 76].

Group WUS (GWUS): Release 16 introduced the WUS mechanism enhance-
ment, which includes GWUS. This feature allows a WUS to activate a configurable
group of UEs instead of all UEs monitoring the same paging occasion, resulting in
more efficient power consumption and extended battery life |75, [76].

Mobile Terminated EDT (MT-EDT): Another feature in Release 16 is
MT-EDT, which builds on the EDT introduced in Release 15. This allows UEs
to transmit small amounts of data (up to 100 bytes) during the random-access pro-
cedure. MT-EDT supports Mobile-Originated (MO) and Mobile-Terminated (MT)
data transmission, and when triggered by the MME, an indication in the paging
message prompts the UE to initiate random access to resume the connection or
start the MO-EDT, depending on the optimization used. This enhances the effi-
ciency of data transmission in scenarios where only small amounts of data need to
be sent or received [75] [76].

Preconfigured UL Resources (PUR): This feature was introduced already
in 3GPP Release 15 to decrease signaling overhead and power consumption by per-
mitting data transmission during the random-access procedure through Msg3. In
Release 16, PUR was enhanced further, allowing for even earlier UL data transmis-
sion. By implementing PUR, the random-access preamble and response (Msgl and
Msg2) can be eliminated, enabling data transmission to be completed in just two
messages (Msg3 and Msg4), which results in significant improvements in efficiency
and reduced latency [75, [76].

3GPP Release 174+ Advancements

One of the main objectives of 3GPP Release 17+ for NB-IoT is the integration of
satellite communication, which enables the expansion of 5G IoT N'TNs. This addi-
tion significantly enhances the performance of existing features, while also address-
ing connectivity issues in remote and underserved areas. By incorporating satellite
communication, the NB-IoT NTN enables IoT devices to operate effectively and
dependably in various environments, even in regions with weak or no signal [75] 76].

16-QAM for Unicast in UL and DL: From Release 13 to Release 16, NB-
[oT UEs were limited to using QPSK for unicast NPDSCH and QPSK or BPSK for
unicast NPUSCH. With the introduction of 16-Quadrature Amplitude Modulation
(QAM) in Release 16, this capability has been significantly enhanced. Now, UEs can
utilize 16-QAM for unicast NPDSCH with TBS up to 4968 bits in standalone and
guard-band deployments, and up to 3624 bits in in-band deployments. For unicast
NPUSCH, 16-QAM supports TBS up to 2536 bits, which can be transmitted using
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up to half the time-domain resources compared to QPSK. This improvement in
spectral efficiency is a significant advancement .

Neighbor Cell Measurements and Measurement Triggering Before Ra-
dio Link Failure (RLF): In Release 17, a feature was introduced that allows NB-
[oT UEs to conduct measurements while in RRC Connected mode. This innovation
reduces the time required for RRC connection reestablishment by allowing UEs to
evaluate neighboring cells and initiate measurements prior to experiencing a RLF.
As a result, connectivity is enhanced and downtime is minimized [75, [76].

Carrier Selection Based on Coverage Level: Release 17 presents coverage-
based paging for NB-IoT, a feature that streamlines network resource allocation and
minimizes latency. This functionality enables the network to choose carriers based
on coverage, thereby ensuring that paging messages are transmitted more effectively,
ultimately enhancing network efficiency and user satisfaction , .

The aforementioned features of the NB-IoT evolution are depicted in Fig. 2.7]

Rel-13 Rel-14 Rel-15 Rel-16

NB-loT ; eNB-1oT ; FeNB-IoT i NB-loTenh3 ' Continuous NB-IoT Enh.
New Deployment Type | LTE Category NB2 | TDD Support | Industrial IoT | SGIoT NTN
NB-IoT RAT ID : UE Power Class 6 : Small Cell Support : Integration to 5G infrast. : Enh. Unicast
LTE Category NBl | RAI | BEST Security | Grant-Free Access | Enh. Cell measurements
PSM/eDRX : Enh. TBS/HARQ : SR : Simultaneous Multi-User : Measurements before RLF
CP/UP Optimization | SC-PTM Multicast | Reduced System | Transmission | Coverage Based Carriers
IP/NIDD | Enh. Positioning I Acquisition Time | G-WUS |
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Fig. 2.7: Overview of NB-IoT evolution according to the definition by 3GPP.

2.2.2 Evolution of Enhanced Machine Type Communication

LTE-M or eMTC was introduced in 3GPP Release 13 as an enabler for applications
requiring extended battery life and enhanced communication distance compared to
legacy LTE categories. Unlike NB-IoT, eMTC is an enabler for applications that
demand advanced services, extended network capacity, and higher data throughput
while still staying within the eMTC. Thus, eMTC acts as the middle ground between
legacy LTE (Cat-1) and the robust NB-IoT. 3GPP Release 13 introduced a new LTE
Category M1 UE capable of operating on a bandwidth of 1.08 MHz (i.e., 6 PRB’s)
within an existing LTE deployment or 1.4 MHz in standalone deployment. This,
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along with the extended upper layer message, 1,000 bits TBS, support for QPSK and
16QAM in both UL and DL, and eight HARQ support, enables eMTC to achieve
data rates of up to 1 Mbps in full-duplex mode and approximately 300 kbps in
half-duplex mode [62} 76, I85].

Coverage Enhancements

In the instance of eMTC, extended coverage is provided through repetitions with
the same configuration, with up to 2048 repetitions for both the Physical UL Shared
Channel (PUSH) and Physical DL Shared Channel (PDSCH), and 128 for the Public
Random Access Channel (PRACH). The eMTC also supports the maximum trans-
mission power classes of 23 dBm and 20 dBm are supported. All mentioned results
in a bandwidth to link budget of up to 155.7 dB, which is lower than the NB-IoT
Maximum Coverage Limit (MCL) of 164 dB [62, 76, 85].

The eMTC differs from NB-IoT in terms of coverage enhancement levels, which
are achieved through the inclusion of two modes: Coverage Enhancement (CE) Mode
A and CE Mode B. These modes enhance the versatility and applicability of eMTC
for various IoT use cases that require dependable connectivity but have fewer steps
than in the case of NB-IoT [62, 76| 85].

CE Mode A: First mode employs capability to retransmit messages up to
32 times. CE Mode A is the default mode and is recommended for situations
requiring higher data volume transmission, mobility, and VoLTE usage. It balances
extended coverage and power efficiency. Both UL and DL communications benefit
from the repetition mechanism, ensuring consistent performance in various signal
conditions. This mode is particularly beneficial for devices located in urban and
suburban areas with moderate signal challenges, such as urban canyons or suburban
homes [62, 76, 85].

CE Mode B: Second mode takes the repetition mechanism further than CE
Mode A, allowing retransmission of messages up to 2048 times to achieve maximum
coverage extension. This mode is designed for maximum coverage extension, target-
ing devices located in areas with very weak signal conditions, such as deep indoor
environments or remote rural locations. Due to the extensive repetition, CE Mode B
may introduce higher latency and lower data rates, a necessary trade-off to achieve
the desired coverage enhancements. This mode is ideal for maximizing range, espe-
cially when devices are located in heavily obstructed areas or indoors. CE Mode B
is suitable for scenarios where the device moves minimally or is stationary, providing
robust connectivity despite its higher latency and reduced data throughput. Devices
in extremely challenging environments, such as deep within buildings or in remote

rural areas, utilize CE Mode B to maintain reliable connectivity [62, |76} |85].
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Power Consumption Enhancements

In terms of improving power efficiency, eMTC incorporates eDRX and PSM modes,
such as those found in NB-IoT. Furthermore, eMTC and NB-IoT share similar types
(naming of legacy LTE channels) of channels and procedures, including those related

to random access, data transmission, and power consumption optimization [62, [76].

Data Transmission Enhancements

The eMTC and NB-IoT share similar characteristics, including CP and UP opti-
mization, support for NIDD technology, and reliance on TA-based localization. In
contrast to NB-IoT, eMTC technology supports full mobility, including handovers
in both TDD and FDD frequencies, and VoLTE capabilities. However, in early
eMTC releases, there was no specific RAT type identifier for eMTC, leading to the
utilization of legacy LTE identifiers for location update requests to HSS [62, 76, 85].

3GPP Release 14 Advancements

Release 14 brought significant advancements to eMTC, including the introduction of
the LTE Category M2. This release focused on increasing throughput, with speeds
up to 3 Mbps UL and 1 Mbps DL, achieved by expanding the bandwidth from 1.4 to
5 MHz, increasing the UL TBS to 2,984 bits from 1,000 bits of original and extension
of maximum DL HARQ from eight to ten. The expanded bandwidth was utilized
only in Mode A, whereas Mode B remained unchanged. VoLTE enhancements
were also made to improve the performance in the half-duplex mode, and multicast
capability was added for OTA firmware updates |62, 76| |85].

Furthermore, Release 14 includes similar enhancements, such as NB-IoT, in this
release. Specifically, (i) E-CID and OTDOA capabilities for positioning, which en-
able eMTC devices to receive extended Positioning Reference Signal (PRS) trans-
missions and utilize multiple PRS configurations for increased accuracy; (ii) relaxed
reselection monitoring; and (iii) RAI [62, 76| 85].

3GPP Release 15 Advancements

3GPP Release 15 brought substantial improvements to eMTC to increase its effi-
ciency, performance, and suitability for loT applications. These enhancements con-
sist of new features and optimizations that provide better power efficiency, lower
latency, improved access control, and increased spectral efficiency. In terms of
eMTC, Release 15 shares new features with NB-IoT, such as the BEST security
enhancement, WUS, EDT, and Reduced System Acquisition Time. The following
list highlights the unique eMTC enhancements introduced in Release 15 [62, |76, 85].
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eMTC Traffic Identifier (RAT Type), Power Class 6: Since Relese 15,
eMTC obtained RAT Type (two Releases behind NB-I0T), that allows for the dif-
ferentiation of traffic types over the LTE network. This feature ensures that eMTC
traffic is identified and managed separately from other LTE traffic types, optimizing
resource allocation and network performance. Since this release, Power class 6 with
maximum output power of 14 dBm is enabled (one Release behind NB-IoT) [76, 85].

Feedback for Early Termination: This feature allows for the early termi-
nation of data transmissions when the required quality of service has been met.
This feature reduces unnecessary transmissions, saving power and improving overall
network efficiency. By providing feedback mechanisms, the network can optimize
resource utilization and reduce latency [62, 76, 85].

Spectral Efficiency Improvements in eMTC: Enhanced spectral efficiency
in eMTC is accomplished by several methods, including advanced modulation tech-
niques, optimized resource allocation, and minimized inter-cell interference. The use
of flexible starting PRB enables efficient scheduling of MTC-related data transmis-
sions alongside other transmissions, allowing PDSCH/PUSCH resource allocation
with adaptable starting PRB for UEs in CE mode with a maximum 1.4 MHz chan-
nel bandwidth. DL performance is boosted by supporting 64QAM modulation for
PDSCH unicast transmission without repetition in CE mode A, which improves
spectral efficiency without increasing UE peak rate. A revised CQI table with an
extended range helps minimize the need for RRC reconfigurations under changing
channel conditions. UL spectral efficiency is enhanced by implementing PUSCH sub-
PRB resource allocation, offering new sizes of 1/2 PRB (6 subcarriers) or 1/4 PRB
(3 subcarriers), and utilizing 7/2-BPSK modulation to improve UL data cover-
age and power efficiency. Cat-M1 and Cat-M2 UEs can indicate support for CRS
muting outside their narrowband, which helps decrease DL inter-cell interference
through frequency-domain CRS muting. Early termination feedback includes a pos-
itive HARQ-ACK in an UL DCI over MPDCCH, enabling early cessation of DL

monitoring and UL transmission, primarily to enhance power efficiency [62, 76| 85].

3GPP Release 16 Advancements

In a similar vein to NB-IoT, Release 16’s eMTC mainly supports IIoT scenarios
and includes coexistence with 5G NR via resource sharing through DL/UL resource
reservation, DL subcarrier puncturing, and integration into 5G Core. Additionally,
eMTC shares several feature enhancements with NB-IoT, such as G-WUS, PUR,
and MT-EDT |76, 85].

Mobility enhancements: In 3GPP Release 15, eMTC mobility enhancements
introduced the Resynchronization Signal (RSS) and the WUS to improve synchro-
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nization and power efficiency. Building on these, Release 16 introduced further
mobility enhancements utilizing these signals. RSS-based measurements in Release
16 allow UEs to use RSS for improved synchronization and measurement perfor-
mance, with configurations signaled for both serving and neighbor cells, enhancing
intra-frequency RSRP measurements in both idle and connected modes. Addition-
ally, RRM measurement relaxation was implemented to maximize the power-saving
benefits of WUS. While the WUS in Release 15 enabled UEs to sleep through mul-
tiple paging cycles, UEs still had to wake up for regular measurements. Release 16
addresses this by allowing UEs to extend their measurement cycles under config-
urable conditions, significantly reducing power consumption and enhancing battery
life in eMTC devices |76, |85].

3GPP Release 17+ Advancements

Commencing with Release 17, in addition to additional improvements of existing
functionalities outlined below, eMTC aligns with NB-IoT’s objective of facilitating
NTN communication within 5G infrastructure to establish comprehensive 5G IoT
NTN networks [76, [85].

Additional PDSCH Scheduling Delay for 14-HARQ Processes in DL:
This functionality permits HD-FDD eMTC UEs to utilize up to 14 HARQ processes
in CE Mode A. By introducing a PDSCH scheduling delay, it guarantees the com-
plete utilization of the accessible Balanced Load/Common Effort (BL/CE) DL and
UL subframes, thereby enhancing the overall performance and dependability of the
DL [76, [85].

Maximum DL TBS enhancement: Starting from Release 13, the maximum
DL TBS for eMTC UEs was 1,000 bits. In Release 17, the maximum DL TBS was
extended to 1,736 bits in CE Mode A for HD-FDD Category M1 UEs. Furthermore,
UEs that support this feature can handle up to 43008 soft channel bits, thereby
significantly increasing DL data capacity and efficiency |76, |85].

The aforementioned features of the eMTC evolution are depicted in Fig. 2.7

2.3 Deployment of NB-loT and eMTC

Both selected Mobile IoT technologies, ratified by 3GPP, operate within licensed
bands but cater to distinct mMTC scenarios. NB-IoT is designed for scenarios
prioritizing power efficiency and extended communication range, accommodating
relaxed communication delay requirements. In contrast, eMTC addresses more de-
manding scenarios necessitating larger data volumes, higher throughput, and lower

latency, while maintaining significantly reduced complexity compared to full LTE
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Fig. 2.8: Overview of eMTC evolution according to the definition by 3GPP.

systems. Despite the substantial technological advancements in both Mobile IoT
technologies across 3GPP Releases 13—17, not all features have achieved sufficient
market value or usability, as elaborated in the following text [62} [75], 76| [35].

2.3.1 Recommendation for Mobile loT Deployments

The GSMA 5G IoT Strategy Group has issued a non-binding guide for the
implementation of mobile IoT technologies, focusing on features and enhancements
introduced in 3GPP Releases 13-17 aimed at Mobile IoT. The guide provides rec-
ommendations that reflect the market traction and practical deployment expertise
gathered around the globe. The document serves as the primary source for the fol-
lowing section. The guide offers recommendations to support interoperability among
various operators and networks, and it then outlines recommendations for features
and enhancements for eMTC and NB-IoT, categorizing them into three groups:

e« Minimum Core Features: These are widely supported and adopted by op-
erators and device manufacturers, and they are considered deployment mini-
mums. For example, power-saving modes PSM and eDRX are included in this
category.

e New and Emerging Features and Enhancements: This category in-
cludes features for which there has not been sufficient time for widespread
implementation or are intended for late releases, typically taking 2 to 3 years
to implement. Such features might not necessarily be grouped in future re-
leases but may still have small market momentum and are expected to have

more value in the near future. An example of this category is VoLTE for
eMTC.
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o Features with Minimal Implementation: This category includes features
and devices that have already been standardized but have not been widely

implemented, such as the adoption of eMTC device Category M2.

Minimum Core Features

Support for Bands: Mobile operators’ band support varies. It is recommended
that operators utilize at least one band around 1 GHz and publish the bands they
support in the GSMA Deployment map. This aids users in selecting devices with
compatible bands. Typical EU deployments are in Bands 3, 8, and 20 for both
technologies.

Data Transmission Options Over the Network: For eMTC, IP data trans-
mission via the UP is the minimum requirement, particularly for roaming scenarios.
It is recommended to use Mobile IoT UP optimizations. Data transmission of eMTC
via the CP is not supported by most operators and is therefore not recommended for
deployment. For NB-IoT, current deployments do not support UP data transmis-
sion, so recommendations apply to the CP. While non-IP (NIDD) data transmission
is not widely used, if available, data should be routed through the SGi interface.

Support for PSM and eDRX Modes: Implementation of these modes should
be without timer restrictions. Data packet buffering should be allowed when the
device is in one of these sleep modes. When using both PSM and eDRX, careful
timer configuration is crucial for proper paging.

GTP Timer Value Settings: This is crucial for devices in roaming, com-
municating through a GTP tunnel. The value determines how long the tunnel
remains active while the device sleeps. Recommended minimum values are 31 days
for NB-IoT and 24 hours for LTE Cat-M.

Use of Mode A for Coverage Extension: This mode is mandatory for
devices and highly recommended for operators. Mode B, suitable for low data
transmission, is rarely used and had not been implemented by any manufacturers
or operators by 2022.

Support for Coverage Enhancement Modes for NB-IoT: Operators should
support all three ECLs.

Support for SMS: Users can choose to use SMS or alternatives like UDP or
NIDD, though the latter is not widely deployed.

Support and Configuration of C-DRX and C-eDRX Modes: These
modes allow devices to enter power-saving modes even during active network con-
nections, with C-DRX allowing up to 2.54 s and C-eDRX up to 10.24 s.

Deactivation of UICC: Should be supported, even when the device is in eDRX.
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Support for Different Power Classes: The minimum supported power class
should be 3, thus 23 dBm EIRP. The use of lower power classes should be considered
by both operators and users, as selecting the wrong class could reduce device costs
but lead to coverage issues.

Support for RAT Types: For NB-IoT roaming, implementing support for
RAT types specific to NB-IoT on the S6a interface is essential. The same applies to
eMTC, which has a specific RAT awaiting broader implementation.

Relaxed Monitoring for Cell Reselection: Recommended mainly for static
NB-IoT devices to improve battery life.

Support for Quick Network Disconnection via RAI: When a device fin-
ishes UL transmission, it sends RAI to expedite network disconnection, saving en-
ergy. RAI support should be available on both the device and network.

Support for Network Access Mechanisms for Coverage Enhancement
Modes: Traditional access mechanisms like ACB and EAB cannot distinguish de-
vices in coverage enhancement modes, potentially causing repeated transmissions
during high network load. New mechanisms that allow postponing transmissions to
less congested times should be supported.

Specific LTE Cat-M Features include:

e Support for half-duplex mode.

o Mobility in connected mode, necessary for VoLTE.

e Support for larger TBS in UL.

o Support for 10 HARQ processes in DL, essential for full-duplex mode but also

beneficial for half-duplex mode.

o Support for sending HARQ-ACK feedback for multiple transmitted blocks in

half-duplex mode.

Specific NB-IoT Features include:

« Support for all deployment modes.

o Support for the new NB2 device category.

o Capability to report DL channel quality in NB-IoT, allowing eNodeB to opti-

mize the connection, reducing device energy demands.

e Support for measurement improvements.

New and Emerging Features and Enhancements

Support for NIDD Without IP Headers: is currently technically feasible; how-

ever, this transmission method is not yet implemented by operators and manufac-

turers. Therefore, it is uncertain if this function will become widely used.
Implementation of SCEF Functions: allows secure access to network ser-

vices and capabilities, but support from operators is currently minimal.
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UP EPS Optimization for Mobile IoT: UP Mobile [oT EPS Optimization,
introduced in 3GPP Release 13, allows user plane data transfer without the Service
Request procedure in ECM-IDLE mode (RRC Suspend/Resume). This reduces
signaling overhead by approximately 75% compared to legacy LTE, improving state
transition efficiency, signaling, and power usage.

Support for BEST Data Security: has the potential to extend device battery
life significantly. However, it is too early to recommend this type of security as many
manufacturers and operators have yet to implement it.

Support for WUS Signals: for notification of devices with relaxed paging
monitoring to resume with monitoring.

EDT: allows sending data sizes from 328 to 1,000 bits using the Msg3 in the ran-
dom access procedure. Operators and manufacturers should implement this feature
as it has significant potential for reducing energy consumption during transmission.

Preconfiguration of EARFCN and Geographic Areas: has the potential
to reduce connection time in roaming scenarios.

Specific eMTC Features: These that are not yet widely implemented include
VoLTE, support for fast-moving UEs, and improved spectrum utilization.

Specific NB-IoT Features: include modifications for FDD use, storing de-
vice information and operational profiles in the MME, increased cell range, mixed
standalone mode, and support for small cells.

Additional enhancements, whose implementation is still uncertain, include those
introduced in Release 16. These include the possibility of sending a GWUS, EDT
triggered by the MME, improved DL signal quality reporting, UL EDT via PUR,

connection to the 5G core network, and mobility enhancements for eMTC.

Features with Minimal Implementation

Some of the features were already mentioned above in minimum core features, fol-
lowing text thus completes the list of unlikely to be implemented features.

General Features: Support for Multicast Transmission and Group Messaging
is currently minimal.

Specific eMTC Features: Include support for the new Cat-M2 device cate-
gory, support for wider BWs in eMTC CE modes of 5 MHz or 20 MHz, and eNodeB-
controlled transmit antenna selection.

Specific NB-IoT Features: Include mobility in connected mode, paging and

random access using a non-anchor carrier, and support for TDD mode.
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2.3.2 Comparison of Currently Deployed NB-loT and eMTC
Features

The aforementioned sections delved into the releases of NB-IoT and eMTC, as well
as the recommendations for deployment from telco operators and mobile technology
vendors. This section focuses on the implementation of features in deployments that
were available during the study’s competition. Specifically, the deployments in the
Czech Republic, which are representative of European deploymentdl], were utilized
in subsequent sections.

Both technologies are presently being deployed as a hybrid of 3GPP Release
13 and 14, as operators selectively incorporate features without fully committing to
Release 14. The settings of the deployed networks are detailed in Appendix [A] There
are also some nuances to consider, such as the GPT timers, which may be lower than
the suggested values, resulting in a low threshold for open TCP connections for both
technologies without active communication, which is restrictive. Other deployment-
specific aspects include the trend towards global core deployments, which offer the
benefit of central management but also have drawbacks, such as increased delay and
inconsistent jitter.

Given the implementation of all features, it is clear that both technologies have
not yet reached their full potential, as key features are yet to be implemented. The
current configuration still relies on outdated legacy features, which can easily lead to
congestion, such as random access procedures, particularly in cases of burst traffic.
As a result, the current state is not appropriate for the expected 10° connected on

a single square kilometer, as specified in the IMT-2020 requirements [24].

2.4 Summary

This chapter furnishes a crucial background for RQ1.1, elucidating the intricacies of
Mobile IoT technologies, including their objectives and prospective advancements.
Furthermore, this chapter delivers extensive insights into deployment suggestions
and real-world deployment scenarios.

The aforementioned developments present an opportune opening for this study
to delve into, as it has been noted that essential enhancements are yet to be realized
in the future or are slated for implementation. For example, the utilization of
conventional LTE for both signaling and random access processes may result in
congestion in specific scenarios. This opening serves as a platform for this work
to suggest enhancements that can be executed prior to or concurrent with future

features, thus augmenting the performance of Mobile IoT technologies.

1See “Mobile IoT Deployment Map” by GSMA, 2023: www.gsma . com
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3 Energy Grid Smart Metering Specifics and
Requirements

This chapter commences with a review of the present state and strategy of smart
meter deployments. The discussion initially centers on global deployments of smart
meters with remote reading capabilities. Thereafter, the focus shifts to the deploy-
ment examples of the EU, including the directive that shapes and guides the phase
of smart meter deployment within EU states. The second section delves into a de-
tailed case of smart-grid deployment strategy in the Czech Republic, as it served
as the primary source of information and measurement campaigns for this thesis.
The primary objective of this section is to conduct a thorough examination of mo-
bile network capacity with respect to smart-grid applications, followed by a detailed
exploration of the specific requirements and characteristics of smart metering. The
third section then expands upon the smart-grid requirements by incorporating new
traffic types that smart electricity meters introduce in contrast to other utility me-
ters, such as water and gas meters with mention of related work regarding this topic.

Lastly, the chapter concludes with a summary section.

3.1 Smart Metering Infrastructure Deployment Mo-

tivation

As outlined in the introduction, the necessity for the implementation of smart meters
equipped with remote data communication is evident. The choice of communication
technology is contingent upon the specifications, capabilities, and demands of the
smart meter. As previously stated, Mobile IoT technologies are poised to facilitate
such use cases. However, there are numerous obstacles that must be taken into
account during these deployments, including legislative issues and technical chal-
lenges in the form of network capacity constraints or the heterogeneous nature of

the deployment environments.

3.1.1 Examples of Global Smart Meter Deployments

The deployment of smart meters has become increasingly widespread globally. In
2018, China initiated large-scale smart meter implementation through hundreds of
thousands of smart smoke detectors, streetlamps, and water meters connected via
NB-IoT as traditional low-end sensoric devices. The initial deployment of eMTC in
conjunction with the NB-IoT was presented by Sony Altair as solution in Japan’s

smart gas meter implementation [86] 87].

52



In 2021, Saudi Arabia launched a significant deployment campaign for mid-end
smart electricity meters with combined NB-IoT and PLC communication interfaces.
This variant of communication technology appears to be the preferred option of
distributors. After 12 months, no less than 10 million smart electricity meters were
deployed in Saudi Arabia. Australia has commenced a 10-year program to implement
four million NB-IoT-enabled smart electricity meters by leveraging the Elestra telco
operator network [86, [87].

The European Union is also experiencing ongoing and increasing smart meter
deployment. In 2021, the UK deployed 300,000 NB-IoT-enabled watermeters for
low-end smart meters. Additionally, in 2022, Sweden’s telecom operator Telia, in
collaboration with OEM Nordic and Ericsson’s support, achieved a massive deploy-
ment of 900,000 mid-end smart electricity meters. Telia representatives stated that
this deployment faced considerable network capacity issues and optimizations in

very diverse environments, which are the aims of this thesis [86].

3.1.2 EU Directive for Smart Meter Deployments

To further enhance the unity and pace of smart meter deployment in Europe, the
European Parliament introduced a directive for member states and established the
European Smart-Grids Task Force (SGTF) as a responsive institution for deploy-
ment and problem solving. The initial discussions began in 2015, when mobile op-
erators began integrating the chosen communication technologies for the IIoT [29].
Since then, member states have had the opportunity to review the specifics of Ad-
vanced Metering Infrastructure (AMI) and indicate their deployment strategies for
the period between 2019 and 2030 [88]. According to the 2019 report [88], only
17 member states presented their strategies for adopting smart meters, primarily
selecting Power Line Communication (PLC) and 2G technologies for remote data
transmission, with only four indicating legacy 4G or NB-IoT technologies, which
later became the preferred technology for wireless connections [88]. Since 2019,
member states have accelerated deployment based on the directive. According to
a 2022 report [89], 13 member states have completed the deployment of smart me-
ters, serving more than 80% of their customers through smart meters, and ten more
are in the roll-out phase with the aim of completing it after 2024. However, the
same report indicated that five member states have not made significant progress in
deployment, with the Czech Republic being one of them [89).

The UE Parliament has determined that from 2024 to 2027, intelligent smart
meters will start to be implemented in all member states of the EU [36-38|. This
definitive timeline for the implementation of these advanced smart meters has signif-

icantly spurred collaboration between electricity distributors and telecommunication
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operators in recent years [90, 91].

Electricity distributors have introduced a new category of electricity metering,
known as Type C or smart metering, which necessitates the utilization of dedicated
communication technologies operating in the licensed frequency spectrum. This
new type of metering is in line with the requirements outlined in the European
Parliament’s directive 2019/944, which stipulates that intelligent metering systems
must [37], 88, (92, |93]:

« enable access to electricity consumption data in real-time,

« provide verified historical data via a visualization platform,

« and offer access to electricity consumption data without charging through a

secured local or remote interface.

For instance, the Czech Republic, a state with a delayed smart meter rollout, has
seen the early stages of cooperation between energy distributors and telco operators
focused on selecting communication technology for AMI, or more precisely smart-
grids, remote data transmission. In this case, NB-IoT and later eMTC were chosen,
with the first prototypes of NB-IoT appearing soon after 2016 [94]. A comparison of
the key communication parameters for NB-IoT and eMTC is presented in Table[A.T]

The aforementioned prototypes evolved in cooperation with electricity distribu-
tors, and two years later, remote metering over NB-IoT was tested using real elec-
tricity meters [58), 95]. Although the initial trials were successful, the measurement
campaign was not up to par with the expectations for the first deployment phase in
2023 or later, before the planned rollout in 2024.

3.2 Energy Grid Specifics and Requirements for Smart

Meters in Czechia

3.2.1 Mobile Operator Planing for NB-loT Driven Smart Meters

Vodafone, one of the three mobile network operators in the Czech Republic, became
the first to complete the installation of NB-IoT technology in the country. With over
4,000 base stations (eNodeBs), Vodafone achieved 100% outdoor and 95% indoor
communication coverage. In terms of the "deep indoor" extreme use cases such as
smart meter applications, NB-IoT technology is currently deployed in the licensed
frequency band no. 3 (1800 MHz), and no. 20 (800 MHz)). This technology enables
communication with smart meters in locations with poor signal coverage, where
the values of the RSRP parameter fall below —120 dBm or/and SINR parameter
below —3 dB. The selection of the coverage class based on both RSRP and SINR is
displayed in Table[3.1] [29].

o4



Tab. 3.1: Coverage classes for the ECL assignment [2].

Coverage Class | SINR and RSRP Conditions

Class 0 SINR >7 dB and RSRP >—-110 dBm
Class 1 —3 dB <SINR <7 dB and RSRP >—-133 dBm
Class 2 SINR <—3 dB or RSRP <—133 dBm

The information provided serves as the basis for network capacity planning stud-
ies that focus on outlining communication patterns and network loads. Notably,
telco operator Vodafone Czech Republic, conducted an extensive study to determine
the expected network performance and capacity. All data in this study were sourced
from the actual deployment of the NB-IoT network in Hradec Kralové, a city in East
Bohemia, Czech Republic. Owing to the symmetrical nature of the DLMS proto-
col utilized for smart meter communication, which operates on a request-response
system, a "100 B, 100 B" traffic model was utilized for a rough estimate of the net-
work capacity. This study revealed two scenarios for the distribution of the ECLs
(ECLO, ECL1, and ECL2): (i) 60%, 30%, and 10%, and (ii) 80%, 15%, and 5%.
Unfortunately, these findings are not publicly available because they result from
close collaboration between the research team and the network operator. However,
similar studies confirm our findings, such as [96], where the distribution of ECL for
water meters is nearly identical to that in the first scenario.

Considering the NB-IoT deployment in the guard-band frequency spectrum the
theoretical cell capacity is approximately 10,150 devices per hour for the 60%, 30%,
and 10% distributions. As expected, in the case of the second distribution, where
the number of smart meters in ECL 0 increases, that is, 80%, 15%, and 5%, the
cell capacity is significantly higher; approximately 19,253 devices per hour can be
served. Calculations of the delivery time were performed for both groups of ECL
distributions. We differentiate between these two situations. When smart meters
send data asynchronously, the data from all smart meters are delivered with an end-
to-end delay ranging from 250 ms to 10 s, which does not exceed the 15 s threshold
defined by the electricity distributors. Alternatively, when smart meters send data
synchronously, the data will be delivered with a delay in the range of 250 ms to z
(in units of minutes), where z depends on the number of simultaneously connected
devices in the cell [88,92].

As we proceed with the description of the new communication scenario for smart
meters, we concentrate on the approximate number of smart meters connected to
the eNodeBs. The average number of locations equipped with smart meters and
covered by one base station (eNodeB) is 800 in the case of a mid-sized city and 350

in rural areas, as referenced in a conducted study [97, 98]. At this juncture, we
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calculate the number of users (smart meters) that can be served within a defined
period of time (see Table[3.2)). In our calculations, the NB-IoT channel is estimated
based on the traffic model and UE distribution model defined in 3GPP TR 45.850,
without the use of power saving mode (PSM) by the smart meters. This is because
smart meters must be in the IDLE mode with active radio reception all the time for
remote control of the load of the smart electricity meter and individual relays of the
meter [93].

Tab. 3.2: Results for 100B /100B (UL /DL) traffic model for two ECL distribu-
tions [99-102].

Percentage of served | ECL distribution | ECL distribution
users (60 %, 30 %, 10%) | (80 %, 15%, 5%)
In 5 min 68.9% 86.6%
In 10 min 89.5% 97.7%
In 15 min 96.1% 99.6%

Even though the communication scenarios outlined above may appear strict,
electricity distributors have set even more demanding on-demand use cases or sit-
uations for recovering communication after a blackout. For instance, in the case
of NB-IoT networks, the recovery process after a blackout requires an additional
80 B for the UL attach procedure and 30 B for the DL direction, which includes
synchronization and status updates. The outcomes for this scenario are presented
in Table3.3l

Tab. 3.3: Results for the recovery scenario involving two ECL distributions [88) 92].

Percentage of | User ECLO0:1:2 distribution
served users | (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%

In conclusion, the NB-IoT network capacity meets the 3GPP TR 45.820 NB-1oT
cell capacity model requirements [103],[104], but these requirements are no longer met
in on-demand scenarios or recovery situations. It is crucial to successfully manage
communication with the smart meter within 15 minutes for both regular readings

and blackout situations. To achieve this, the network capacity can be expanded
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Fig. 3.1: NB-IoT BSs and the anticipated communication coverage in the designated
Region 1 [1].

based on factors such as the number of deployed smart meters, radio conditions, and
forecasted traffic patterns. This can be done through logical channel optimization or
by adding another NB-IoT channel within the frequency spectrum (2°¢ guard band
or stand-alone carrier). To accurately assess the required capacity of the NB-IoT
system for servicing both conventional stochastic data traffic and new regular data
traffic identified in case of mid-end smart electricity meters, detailed performance
evaluation models are necessary [46].

The aforementioned requirements indicate that smart-grid applications are ex-
pected to be one of the earliest and most significant use cases for mMTC, and will
necessitate close collaboration between distributors and operators. The initial phase
of this process involves evaluating network capacity to determine the effects of de-
ploying a specific number of smart meters in a given area. This preliminary data
gathering stage is illustrated by the findings from a collaborative measurement ini-
tiative in two selected Czech regions (Hradec Kralové and Ceské Budéjovice), where
the potential installation of smart electricity meters is under consideration, as shown
in Figs.3.1] and Evaluation revealed that in urban environments, a single cell
typically serves an average of 800 apartments, while in rural settings (small towns),
one cell covers an average of 350 apartments.

By calculating the average number of EDs per cell in the covered area, we deter-
mined the total number of apartments to be 268,578. Two ECL distributions were
then established: (i) 60%, 30%, and 10% for ECL0, ECL1, and ECL2, respectively;
and (ii) 80%, 15%, and 5% for ECLO, ECL1, and ECL2, respectively. The ECL
ratio was determined based on the operator’s understanding of the key communica-
tion parameters, namely, RSRP, RSSI, RSRQ, SINR, and PER. Calculations were
performed to determine the percentage of users serviced within specific time inter-
vals (5, 10, and 15 minutes). Through collaboration with Vodafone Czech Republic,

we obtained data on the cell’s maximum capacity and channel information, encom-
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Fig. 3.2: NB-IoT BSs and the anticipated communication coverage in the designated
Region 2 [1].

passing NPRACH, NPUSCH, NPDSCH, and NPDCCH. This data considered the
procedure: attach + 80 B (UL) 4+ 30 B (DL) (as shown in Table[3.4)).

Tab. 3.4: EDs (smart meters) served within five minutes by an NB-IoT cell [1].

User ECLO0:1:2 distribution

Channel Capacity

(60 %, 30 %, 10%) | (80 %, 15 %, 5 %)
NPRACH 1,185 1,185
NPUSCH 540 1,025
NPDSCH & NPDCCH | 195 345
Cell capacity 195 345

3.2.2 Communication Parameter Requirements for Smart-Grids

While ECL distributions were correctly established based on geographical locations
and corresponding radio conditions, significant changes in data volume and traffic
patterns have occurred in recent years. The initial assumption was that a symmetri-
cal 100 B message would be sent in both the UL and DL directions every six hours,
leading to a monthly data usage of approximately 50 kB per ED. However, recent
calculations derived from actual register readings have altered this understanding,
imposing new and more stringent requirements.

Regular communication is essential for each ED to maintain open connections
and transmit telemetry data as needed. Network operators initially determined that
a permanent connection would require 600 B of bidirectional UL/DL communication
per hour, which they deemed feasible in their capacity planning study for NB-
[oT applications. However, smart metering scenarios demand service availability
even during data bursts, such as widespread firmware updates, extensive remote

readings, or when all EDs experience blackouts followed by simultaneous startups
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and communication requests. Recent assessments of smart meter data traffic have
shown volumes reaching up to 20 MB monthly.

The second criterion addresses data transmission in smart-grid systems. Cur-
rently installed legacy smart meters must create a secure communication link using
TLS version 1.2 (or an equivalent security protocol such as DLMS security suite 2),
which includes mutual authentication through certificate verification. This process
combines the necessity of initiating mobile network registration with the establish-
ment of a secure end-to-end connection, requiring the exchange of multiple messages.

Table outlines the projected requirements for smart meters over the next two
decades, extending to 2040. These specifications apply to smart meters installed at
power supply points consuming up to 6 MWh annually and featuring home-charging
stations. To enhance our comprehension and enable more precise evaluations of
technology selection and assessment for these devices, we begin by examining the
projected quantity of deployed smart meters and the estimated monthly data trans-

mission for individual and collective smart meters within the smart-grid network.

Tab. 3.5: Forecasted requirements from electricity distributors in Czech Republic [1].

Year 12030 | 2040 |
Number of EDs (smart meters) 250,000 | 1,000,000
Minimal committed information rate (CIR) [kbps] | 11 39.1
Amount of total transmitted data per month

3,476 12,360
[GB/month)]

Amount of transmitted data from one ED per
month [MB/month]

16 16

The expected data traffic is illustrated in Fig. [3.3] which shows the distribution
of the different locations based on the number of citizens. Fig. further provides
insights into the anticipated communication parameters for four groups of smart-grid
operations: (i) telemetry, (ii) reading, (iii) monitoring, and (iv) management. The
Round-Trip Time (RTT) is a crucial metric that measures two-way communication
delay. Power distribution companies are required to establish a maximum RTT limit
of two seconds for smart meters. This limit applies to services with different periodic
communication intervals: five minutes for telemetry and reading, one minute for
monitoring, and one month for management. In the context of smart metering
and remote reading, although each service operates on a distinct communication

schedule, they all must adhere to the same two-second RTT requirement.
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Fig. 3.3: Left: Estimated traffic load across various locations. Right: Specifications

for communication parameters [1].

3.3 New Data Traffic Type for Permanently Con-

nected Smart Meters

As stated, the standard reading time for intelligent electricity meters typically varies
between 5 and 15 minutes [1051107]. Furthermore, the forthcoming generation of
electricity meters is expected to offer advanced features, such as hubs for EV charg-
ing, enabling load balancing on power grids, and reducing energy consumption (and
consequently, carbon emissions) by incorporating "pause hours' , . It is
worth noting that such sophisticated systems impose even more demanding require-
ments on connectivity, with sampling occurring in milliseconds [45] [110]. Permanent
connectivity is the only viable solution to satisfy these stringent demands. Addi-
tionally, even existing power grid systems may benefit from permanently connected
devices, as distributors can utilize smart electricity meters as an auxiliary compo-
nent of power grid load balancing. Specifically, this can be achieved by integrating it
into a Frequency Containment Reserve (FCR), which may require a communication
delay as short as 30 s [111].

Although it is important to note that even with a current periodicity of 15 min,
permanent connectivity can significantly reduce data consumption, it should be
noted that the initialization procedure for data transmission requires considerable
overhead. This is because connection-oriented protocols such as DLMS/COSEM and
TCP/TLS, which are the de facto standards for electricity metering, are utilized .
The re-initialization of the connection every 15 min results in a higher overhead than
a permanently connected UE in just 24 h, as shown in Fig.[3.4] This value represents
the perspective of transport and application layers in the reference TCP/IP model.

However, in the lower layers of the LTE system (physical, medium access, and radio
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link control), the overhead can be even higher. For instance, under harsh radio

conditions, the reliability of the NB-IoT depends on message repetitions.
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Fig. 3.4: TLS communication overheads for 24 hours.

Permanently connected UEs prevent the use of the PSM, which involves a com-
plete shutdown of the radio part and unavailability of communication. However, it
is possible to use the eDRX mode, in which the module listens to incoming messages
in regularly recurring windows. By fine-tuning the eDRX cycle (ranging from 23.04
to 175.4 min) and the paging time window (lasting between 2.56 and 40.96 s), we can
achieve optimal power consumption while also accepting reasonable communication
delays [79, |112].

The communication strategy of newly emerging smart-grid electricity meters has
completely transformed the conventional mMTC or smart meter communication
paradigm, as previously discussed. Unlike the traditional approach, where each
end device acts as the "source" and the central node serves as the "sink," the next-
generation communication networks, which are considered enablers for smart-grid
scenarios, follow a "request-response’ approach that is inherently "client-originated".
However, the main concern when transitioning from the legacy "source-sink" model
to current cellular IoT technologies, such as NB-IoT and eMTC, is their capacity
limitations.

In simpler terms, asynchronous data transmission evolves into more complex
synchronous scenarios in smart metering. Applications of this type require smart
meters to maintain a persistent connection with the cellular network in a RRC-
connected state and receive periodic polling from the network [47]. These activities
lead to the accumulation of data packets at the radio access level of the network,
thereby causing significant delays at the air interface. This behavior does not fulfill
the low latency requirements of 5G-IoT defined by I'TU-R M.2410, which specifies

up to 10° EDs/km? with a data transmission intensity of one packet every two hours,
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with no more than 10% packet loss [49, [113].
The deployment of smart meters with permanent connectivity together with tra-

ditional utility meters can be categorized as Type I and Type II UE, as shown in
Fig.|3.5. Type I UE refers to devices that are controlled remotely from an application
server and remain active on the radio interface at all times, thus maintaining a "RRC
connected" state throughout their operation lifetime, which will be further discussed.
These devices represent the progression of the current smart metering technology,
primarily utilizing the communication channel in an asymmetrical manner for ef-
ficient two-way communication with minimal response time. On the other hand,
the Type II UE consists of conventional UEs that undergo a "sleep-awake-transmit"

cycle, which may correspond to sensors that perform periodic measurements. The
operational cycles of these UEs are assumed to be asynchronous [45, 105, [110].
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Fig. 3.5: Two UE devices types in NB-IoT network: Type I UEs with regular polling
times, Type II conventional UEs with stochastic arrival pattern .

To optimize the delay performance of both types of traffic coexisting at the sole
NB-IoT air interface, one of proposed approaches could be based on spreading the
message transmission time instants of regular and stochastic traffic. Result would
be optimal value of spreading interval for wide range of UEs in the area of coverage
between the type of devices utilizing two mentioned traffic types.

Other approach could be load balancing between multiple RATs by proposal of
an optimal RAT association algorithm to balance the load between NB-IoT and
eMTC interfaces as it was stated, they are preferred way for smart-grids. This

algorithm would address both stochastic message arrivals and batch arrivals.



3.4 Summary

Building on the definition of Mobile IoT technologies that are suitable for smart-grid
deployments presented in Chapter 2] this chapter delves deeper into the specifics and
challenges of smart-grid deployments. In Section 3.1} the global deployment of smart
meters is summarized, highlighting the speed of deployment and popularity of the
selected technologies, primarily eMTC and NB-IoT. The section also emphasizes the
push from the EU directive to accelerate the pace of smart meter AMI deployment.

Section provides detailed information on the requirements and challenges of
AMI deployment in the Czech Republic, a member state with delayed deployment.
Cooperation between telco operators, energy distributors, and industry has resulted
in a comprehensive and detailed study of the specific requirements of AMI deploy-
ment. It is important to note that, although the issues of AMI deployment in the
Czech Republic may seem local, the study is applicable throughout the EU.

Considering the specifics of smart-grid deployment, Section identified a new
communication traffic type with regular message intervals for permanently connected
smart meters. Co-deployment with the traditional stochastic traffic of other utility
meters raises questions and challenges regarding potential violations of the presented
smart-grid communication requirements. This chapter outlines possible solutions
based on spreading the message transmission time instants of regular and stochastic
traffic to achieve the optimal value of the spreading interval for a wide range of
UEs in the area of coverage between the two types of devices utilizing the afore-
mentioned traffic types addressing the communication latency issues. In addition,
it proposes an optimal RAT association algorithm to balance the load between the
NB-IoT and eMTC interfaces, which are preferred for smart-grids, thus addressing
the communication reliability issues.

According to the research proposed and related work discussed in this study, it
has been found out that the identified challenges are significant and require further
assessment. Therefore, this chapter provides a comprehensive response to the first

research question, RQ1.1, which was partially addressed in Chapter [2]
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4 Performance Assessment of NB-loT and
eMTC Technologies

The measurement campaign outlined below pertains to observations made in Chap-
ters [2| and [3] with respect to RQ1, which focuses on the evaluation of two principal
mMTC technologies, eMTC and NB-IoT. These technologies are considered optimal
candidates for emerged IoT applications, such as data transfers in smart-grids. The
objective of the campaign was to gather communication parameters and features
of the currently deployed variants of both technologies, as previously discussed in
Chapter [2] Additionally, the campaign aimed to identify potential bottlenecks re-
lated to smart-grid requirements presented in Chapter [3] thereby providing a partial
and concluding answer to RQ1 and a complete answer to RQ2.

This chapter comprises two sections, which correspond to two distinct stages
of a comprehensive measurement campaign. The initial stage of the campaign fo-
cused primarily on evaluating the performance of NB-IoT and eMTC technologies
in terms of data throughput, delay, jitter, RAN features. The results of this stage
are expected to shed light on the behavior of mobile networks in various deploy-
ment scenarios, provide input for the numerical model, and determine whether the
selected technologies, in their present form, are suitable for the smart-grid use case.

The second stage of the campaign, and hence the second part of this chapter,
presents information on the boundaries and performance of NB-1oT in a worst-case
scenario, such as a congested radio environment, by subjecting a single cell to the
simultaneous demands of 200 EDs.

The methodology employed in the two-stage campaign is as follows:

1. During the first phase, each chosen technology underwent individual evaluation
in a controlled laboratory setting. A single ED (equipped with a Quectel
module BG77) was connected to one BS to examine fluctuations in user data
throughput, delay, and jitter in relation to the signal strength (RSRP). This
phase was executed in an isolated environment devoid of external interference
to guarantee precise and dependable outcomes.

2. The second phase involved simulating actual data bursts from numerous EDs
under a single BS utilizing one RAT (specifically, NB-IoT). This scenario repli-
cates the necessity for all EDs to simultaneously establish connections and
transmit data, which is often required in circumstances like smart-grid out-
ages where time constraints apply to service delivery. The aim of this phase
was to examine the network’s response to batch arrivals (i.e., surges of RA

attempts) and assess the impact on service delivery time.
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4.1 On the Performance of NB-loT and eMTC in

Stable Environment

The first stage of the measurement campaign was conducted in a laboratory setting
to assess the performance of both the NB-IoT and the eMTC across their entire
operational range. These technologies were evaluated side by side, and the results
pertaining to the RAN communication parameters, network throughput, and jitter
under strictly defined radio conditions are presented. Thus, the RSRP levels ranging
from —70 dBm to —125dBm and —120 dBm for the NB-IoT and eMTC, respectively,
which represent flawless radio conditions up to coverage edges. It is important to
note that the reduced minimal signal levels compared to the 3GPP specifications,
as outlined in Chapter [2, are due to the communication module utilized, which will

be further discussed in the following subsection.

4.1.1 Measurement Setup and Methodology

The initial phase of the measurement campaign was carried out in a completely
stable laboratory environment, with the ED situated in an RF shield box that was
directly connected to the mobile operator’s core network and remote server. The
objective was to employ the iPerf tool set to evaluate UL data throughput and
jitter in relation to a signal level that was adjusted using step attenuators. The data
obtained from this first phase pertain solely to the state of the RRC connected.

This study utilizes a private eNB provided by the Vodafone teleco operator,
which is equipped with NB-IoT (NB2) and eMTC (M1) technologies and is con-
nected to public infrastructure. The local Remote Radio Unit (RRU) of the private
eNB was then connected to a set of fixed attenuators via a coaxial cable linked to the
RF shield box (Rohde&Schwarz CMW-Z10) using a testing device equipped with
a selected Mobile IoT module. This module (ED) was operated by a controlling
PC, allowing for full data traffic control as well as the extraction of communication
parameters such as SIB information and communication time slots, which can be
utilized for future reference.

The RF path’s fixed attenuators are arranged in sequence to attain the desired
signal level for a specific technology. In taking the measurements, two fixed attenu-
ators with a single variable attenuator with 1 dB steps were used to achieve RSRP
values between —70 and —140 dBm. This range was determined by considering
the transmission power of the eNB of 27 dBm (500 mW). The overall layout of the
testbed infrastructure is illustrated in Fig.
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Fig. 4.1: Testbed for the first phase of the measurement campaign [5].

Selected Mobile loT Module

The module selected for this measurement campaign was the Quectel BG77, which
is based on Qualcomm 9205 LTE modem. This module supports both NB-IoT and
eMTC standards and features 3GPP Release 14, with support for ED Categories
NB2 and M1. The notable drawback of this module is its maximum power output,
which is limited to 21 dBm, corresponding to a power class 5, which is common
for the NB-IoT/eMTC module. This translates to a decreased link budget of 2 dB
compared with the highest power class of 3, as reported in the literature .
The module demonstrates a receiving sensitivity of —115 dBm for NB-IoT and
—107 dBm for eMTC when tested on the Band 20 (800 MHz) frequency. It’s crucial
to understand that these measurements are taken without repetitions, a scenario
unlikely to occur in real-world networks. Our prior experience indicates that the
typical sensitivity threshold is around —127 dBm. This suggests that networks
employ 8 or 16 repetitions, as each doubling of repetitions enhances the budget
by 3 dB. In this configuration, the repetitions yielded budget improvements of 9

and 12 dB, respectively. These findings align with previous research documented in

existing literature , .

Measurement Methodology

The process began with the UE’s registration to the mobile network, guaranteeing a
connection to the eNB in the testbed. After successfully connecting, while still in the
RRC connected state, the UE initiated UL data transmission to a remote server using
the iPerf application. To obtain all relevant signaling and other information, the
debug port of module BG77 and network capture to the PCAP were utilized. During
the iPerf test, focus was given on comparing the observations of the throughput,
jitter, and delay at various signal levels. To optimize the results, the iPerf target
bandwidth was adjusted between the measurements to ensure channel saturation
without overloading the module’s internal buffer, which ultimately prolonged the

measurement without providing any additional benefit. The procedure was repeated
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for both the NB-IoT and eMTC.

For NB-IoT technology testing, an initial bandwidth of 50 kbps was employed.
The speed was gradually reduced, with the bandwidth decreasing to 5 kbps, while
RSRP values reached as low as —127 dBm. In the case of eMTC, testing began
at 1200 kbps and was reduced to 200 kbps at the technology’s limits. UDP trans-
mission was chosen over more sophisticated transmission layer protocols to avoid
result interference from additional retransmissions. To determine optimal values,
five measurements were conducted for each signal level. The data was subsequently

averaged and analyzed.

4.1.2 Measurement Results

The initial measurement outcomes demonstrate the constraints of both technolo-
gies regarding RSRP values. Initially, an assessment is made of the RSRP value
threshold at which each technology can successfully complete network registration
and transmit data to the network.

The application of NB-IoT technology was successful in registering and trans-
mitting data with RSRP values as low as —127 dBm. However, consistent results
were not obtained beyond this point. Additionally, as the RSRP values decreased,
the latency increased from milliseconds to several seconds, even for small data units,
which can be attributed to the severe radio conditions and the multiple repetitions
required to successfully transmit the data. In contrast, eMTC was able to achieve
registration at —123 dBm, but no data transmission was possible at this point. It is
important to note that even in poor radio conditions, eMTC was able to transmit
data with a relatively low latency of hundreds of milliseconds. It is crucial to rec-
ognize that NB-IoT consistently demonstrated a 10 dB stronger RSRP than eMTC
under the same attenuation level, thus providing a 15 dB better MCL than eMTC.

Data Throughput Measurement

To evaluate the performance of each technology in relation to the RSRP measured
by the BG77 module, the iPerf tool was employed. For NB-IoT technology, good
radio conditions (RSRP exceeding —107 dBm) yielded an average speed of about
27.5 kbps. These findings align with the NB-IoT Release 13 specification. Fig.
displays the NB-IoT throughput measurement outcomes. The median value is rep-
resented by a solid line, while the shaded area indicates the 5 and 95" percentiles.

The results indicated that the UL throughput of the NB-IoT remained stable at
an RSRP of roughly -106 dBm. As the RSRP value increased beyond this point,
the throughput began to decline owing to deteriorating radio conditions, which ne-

cessitated the deployment of more robust modulation and coding schemes. This, in
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turn, reduced the bandwidth of the transmission channel and increased the number
of repetitions required.

Our measurements revealed that throughput decreased at an average rate of
1.18 kbps per 1 dB of RSRP. Notably, this decrease in throughput was consistent
throughout the RSRP spectrum, even under severe radio conditions, as indicated
by the ECL2 assignment assigned by the network. Our study found that the edge
case for the NB-IoT was at an RSRP of —127 dBm, where a speed of 1.82 kbps was
achieved. At this point, no data transfer was successful beyond this value.

The results of the eMTC technology measurements demonstrate a throughput
of up to 1.02 Mbps, which is in line with the theoretically achievable speed of
1 Mbps defined in eMTC Release 13, under good radio conditions (greater than
—103 dBm RSRP). The measured throughput remains stable up to an RSRP of
—103 dBm, where the speed begins to decrease, ultimately reaching its limit of
51 kbps at an RSRP of —122 dBm. The slope appeared to be nearly linear, with an
average decline of 50 kbps per 1 dB in the RSRP. However, no data transmission was
achieved beyond an RSRP of —122 dBm. The outcome of the eMTC technology
measurements is depicted in Fig. .3, where the solid line represents the median

value, and the filled area represents the 5% and 95" percentiles.
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Fig. 4.2: NB-IoT measured data through- Fig. 4.3: Measured data throughput of
put [5]. eMTC [5].

Jitter and Delay Measurement

By employing iPerf and seizing the network interface, an experimental assessment
of jitter and delay measurements furnished by the application after each speed eval-
uation was conveyed. The corresponding average jitter and communication delay
values are shown in Figs. [{.4] and [4.5 for NB-IoT and eMTC, respectively.

In accordance with the specifications, the average jitter for the NB-IoT technol-

ogy in normal radio conditions was approximately 230 ms, with a delay of roughly
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one second. However, measurements taken at the technology limits revealed average
delay values as high as 1250 ms. A noticeable departure from the expected curve
that follows the speed plot can be observed when the device is assigned to a different
ECL class, as shown in Fig. [£.4] This deviation is attributable to the BG77 module
altering the modulation schemes based on the ECL class assigned to it by the RRU
and the network. This modification enhances the signal integrity and decreases the
number of repetitions necessary for successful data transmission to the network.

In the context of eMTC, the jitter is directly proportional to the throughput
curve. As the speed slows down, the jitter increases, reaching approximately 250 ms,
which is the limit in our case. Under normal radio conditions, the average jitter for
eMTC is approximately 7 ms. For the average delay, there is a noticeable rise at the
—116 dBm RSRP signaling switches to a more robust MCS and an increase in rep-
etitions. However, this did not affect the throughput. Nevertheless, the percentiles
show visible variance, indicating more repetitions and retransmissions at the edge

of coverage, which is linked to a decreased throughput.
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Fig. 4.4: UL delay, jitter of NB-IoT un- Fig. 4.5: UL delay, jitter of eMTC under

der different radio conditions [1]. different radio conditions [1].

4.1.3 Measurements Conclusion and Lessons Learned

Our analysis revealed that both NB-IoT and eMTC technologies achieved the high-
est possible throughput across their entire signal range until the point at which the
performance of legacy mobile technologies began to decline. Although these tech-
nologies are capable of providing communication services beyond this threshold, it is
important to consider certain drawbacks when specific communication requirements
are necessary. As stated in Chapter [3] the smart-grid use case requires a guaran-
teed minimum throughput of 11 kbps, as presented in Table [3.5] It is important
to note that these criteria are met by both technologies, with eMTC meeting them
throughout its entire range and NB-IoT meeting them up to the end of the ECL1
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range if the average values are considered. It should be noted that the smart-grid
throughput criteria were met for both technologies in roughly the same MCL range
owing to a plus 10 dB improvement in RSRP for NB-IoT, as previously mentioned.
However, it is essential to emphasize that this assumption is based on perfect radio
conditions and unloaded networks.

As outlined in Chapter [3] it’s crucial to note that smart-grid specifications for re-
mote smart meter reading communication delay (RTT) require a two-second thresh-
old. This requirement is only fulfilled in the ECLO zone using NB-IoT, and with
eMTC up to a signal strength of —120dBm. Given a +10dB advantage for NB-1oT,
both technologies satisfy the criteria within the same MCL range. However, the
extreme scenario combining the 95 percentile delay with the potential RRC con-
nected state transition time, as seen in the measurement campaign’s second phase
(refer to Table 4.2)), indicates that NB-IoT cannot ensure the RTT criteria across
its entire operational spectrum. For eMTC, only under optimal signal conditions
above —90dBm does the worst-case scenario meet the requirement. Nonetheless,
the broader 10 s communication delay criteria defined by ITU-R M.2410 [24] make
both NB-IoT and eMTC more appropriate for use cases adhering to these standards,
rather than stringent smart-grid applications. Yet, in NB-IoT’s worst-case scenarios
below —122dBm, even this 10 s limit might be exceeded.

The presented information emphasizes the limitations of each ECL category in
terms of delay and jitter for NB-IoT at —120dBm and —130 dBm. While the delay
gradually increases as the ECL changes, the jitter appears to be significantly affected
at the boundaries of each ECL category due to the constraints of the employed MCSs
and repetitions.

A crucial question was posed based on the understanding of the behavior and
performance limitations of an unloaded network. What measures would be taken in
the event of a significant number of EDs simultaneously vying for access to limited

radio resources?

4.2 Extensive Testing of NB-loT for Smart-Grid Use-

Case

After conducting an assessment of the technological limitations within a controlled
environment, we proceeded to execute a real-world scenario with 200 NB-IoT EDs
deployed under a single eNodeB and subjected them to a network stress test. The
number of EDs corresponds to the estimated maximum number of devices that can

be serviced simultaneously by a single cell, as calculated by the network operators.
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Our objective in conducting this experiment was to simulate two different commu-
nication configurations, which are as follows:

1. Normal operation: The first scenario follows the telemetry communication
protocol outlined in Section [3.2.1] It resembles the typical sensor data traffic
for which NB-IoT was originally developed, but with increased volume and
frequency of data transmission.

2. Blackout: The second scenario addresses two key smart-grid requirements:
(i) the ability to provide services even during a blackout, and (ii) the need
for robust security measures. Specifically, this configuration was designed to
simulate a scenario where all EDs must concurrently establish secure com-
munication channels using TLS when they start up, and register substantial
amounts of data with the mobile network.

The substantial volume of burst data noted in the blackout scenario indicates that
NB-IoT may not be the most suitable technology, given its constrained bandwidth.
Furthermore, exposing the NB-IoT network to such conditions could result in radio
channel congestion, impacting not only users needing to process this surge of data
but also those employing NB-IoT for conventional sensoric purposes. In the following

sections, we outline our measurement approach and the findings we obtained.

4.2.1 Measurement Setup and Methodology

In the second phase of our campaign, we utilized a setup comparable to the initial
phase of our measurements. Specifically, we replaced the RF shield box with an
indoor antenna within the laboratory, creating a private NB-IoT pico cell. This
method, characterized by a restricted cell range, minimized interference from other
mobile operator customers’ EDs in the vicinity, as we operated on a live mobile
operator’s network. By positioning all 200 of our EDs within the laboratory space,
we ensured their connection to the monitored laboratory cell. Consequently, this
arrangement allowed for interference between the EDs being tested, imposing a
significant load on the monitored laboratory cell. The experimental setup for this
measurement campaign is shown in Fig. [4.6]

Before conducting the measurement scenario, we performed a laboratory radio
condition check using a single device to establish reference signal conditions in the
absence of interference. The test results showed excellent radio conditions, with an
average RSRP of —50dBm and an average SINR of 20 dB.

After conducting an initial test and prior to the 200 ED stress testing, a compre-
hensive examination of the smart-grid use-cases detailed in Chapter was carried
out. Specifically, two BG77 modules were utilized, with NB-IoT representing both
device types. The Type I device simulated the on-demand reading of DLMS protocol
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Fig. 4.6: Testbed for the second phase of the measurement campaign [1].

values employed by electricity meters, while the Type II device acted as a traditional
sensor, transmitting 200 B messages to a remote server at 1-hour intervals via the
UDP on the transport layer. The device then entered a PSM for the remaining time
before waking up and performing a RRC connection and TAU prior to transmitting
the next message. These actions were taken to mimic the DLMS behavior and are
illustrated in Fig. [4.7]

We gathered information about the behavior of the UE by examining its debug
serial port, which provided us with precise timing assumptions for our model. We
utilized a Blade RF 2.0 Software-Defined Radio (SDR) to measure the radio interface
activity for a period of 24 hours. Our spectrum analysis showed that no interference
was induced by other devices. The findings from this phase are crucial inputs for

the subsequent chapters.
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Fig. 4.7: Diagram representing measurement scenario for test of Type 1 and Type 2
devices [2].

After the two initial measurement steps followed experiment enabling us to ob-
tain data about the NB-IoT network, including transmitted service data from EDs

to the TLS server and subsequent service data provided by a mobile operator from
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the eNodeB. Both normal and blackout conditions were monitored at different time
scales. During normal operation, the test duration was seven days, during which
we collected hourly averages of processed data from the eNodeB and per-hour sam-
ples of measured data from the EDs transmitted as approximately 100 B telemetry
messages. Moreover, each ED had to perform at least a single registration to the
mobile network on a daily basis, owing to operator-specific mobile network session
regulations. Due to the difficulty of emulating a blackout, this condition was tested
only once for a duration of two hours with the same sample rate as in normal opera-
tion. Upon initial startup after the power supply blackout, all EDs were required to
complete mobile network registration, establish TLS, and transmit telemetry data.
As in case of normal operation test, the results were gathered from the BS statistics
and from time of TLS tunnel establishment and from arrival of telemetry data from
each ED.

4.2.2 Measurement Results

The main characteristics of the signal obtained from the ED service data after
successful transmission and processing by the server are displayed in Table 4.1} The
data reveals that in both normal and blackout situations, the signal demonstrates
extensive variation, even though all measurements were conducted in a controlled
laboratory environment. This is evident from the significant range of both RSRP
and SINR, with more than 30 dB of variation in both conditions. Although the signal
level in normal operations exhibits a better upper limit in terms of RSRP, the signal
characteristics are comparable between the two scenarios. However, the average
signal level is about 30 dB lower than the reference signal conditions measured
before the test with a single ED. This suggests that there is a similar level of inter-

ED interference in both scenarios.

Tab. 4.1: Communication parameters obtained from EDs.

Normal conditions | Conditions after blackout

Parameter

range avg. range avg.
RSSI [dBm] —59 to —108 | —74 | —65 to —101 -T2
RSRP [dBm] —44 to —127 | —84 | —76 to —115 -84
SINR [dB] 19 to —15 7 17 to —7 6
ECLO EDs [%] 84.4 75
ECL1 EDs [%] 14.8 19.2
ECL2 EDs [%] 0.8 5.8

According to the data from the EDs, the distribution of EDs across ECL classes

significantly affected signal variance. In the aftermath of the blackout, data bursts
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led to network congestion and interference, resulting in a 5% increase in the utiliza-
tion of robust ECL schemes 1 and 2. This shift could potentially cause longer trans-
mission times, reduced throughput, and overall performance degradation. Typically,
ED results would be used to adjust system settings, but an important observation
emerged. The signal conditions were recorded after EDs successfully registered with
the mobile network, a process that could take several minutes due to radio channel
overload. More accurate data was obtained from the eNB, which continuously re-
ported ED ECL levels. Table illustrates how delayed network registration led to
misleading information about ECL distribution following the blackout. Despite ap-
parently good signal conditions in the laboratory, the ECL distribution was severely
impacted, with over half of the EDs operating in a more robust ECL, consequently

reducing throughput.

Tab. 4.2: Communication parameters obtained from eNB.

Normal Conditions
Parameter (hourly averages)

operation | after blackout
Avg. simultaneously served EDs 22 41
Max. simultaneously served EDs 77 105
RA attempts 5,942 50,236
RA responses 98% (5,809) | 28% (14,040)
RA contention resolution 65% (3,844) 16% (8,066)
RRC establish attempts 3,441 4,207
RRC establish success rate 99-100% | 69% then 100%
ED distribution in ELC0/1/2 [%] | 86/12/2 45/29 /26
RRC est. time ECLO avg./max [s] 0.1 /14.7 3.1/ 34.1
RRC est. time ECL1 avg./max [s] 0.2 /10.7 4.3/ 32.2
RRC est. time ECL2 avg./max [s] 0.9 /6.8 8.8 /34.9
Interference max. [dBm)] —109 —-94
Interference avg. [dBm)] —119 —108

While the ECL distribution after the blackout seems to indicate a notable increase
in utilized repetitions and more robust MCSs, our findings regarding the NPUSCH
and NPDSCH data channels, as shown in Fig. and Fig. do not support this
assumption. Regarding repetitions, there is an increase in the usage of two and
16 repetitions for NPUSCH and NPDSCH, respectively, but this occurs only about
20% of the time. As for MCS settings, both scenarios exhibited similar significant
use of robust MCS settings, with values of 7 for NPUSCH and 11 for NPDSCH.

According to the data channel indicators, there was a modest enhancement in
the MCS’s robustness and repetitions. The ECL distribution presented in Table
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Fig. 4.9: Distribution of NPUSCH/MPDSCH MCS [1].

indicates a more pronounced effect on the RA and RACH communication stages,
as well as the DCCH. This theory is corroborated by the almost nine-fold rise in
hourly RA attempts between normal and blackout states. Even under normal cir-
cumstances, only 65% of RA attempts were successful. Nevertheless, all successful
RA attempts were followed by a 100% success rate in RRC establishment and/or
data transmission. The surge in RA attempts during the blackout period resulted
in a drastic reduction of the RA success rate to a mere 16%, accompanied by a
decline in the RRC connection attempt success rate to 69% in the initial hour post-
blackout. This combination led to a substantial increase in the time needed for RRC
connection establishment, shifting from hundreds of milliseconds to several seconds
on average, with extreme instances reaching 30 s.

The events that transpired following the blackout led to significant congestion
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of mostly signaling channels, resulting in significant transmission delays. This is
demonstrated by Fig. which displays the time it took for all EDs to synchro-
nize and establish a TLS connection after the blackout. The graph shows the time
it took for each ED to initiate the first TLS connection, which typically involves
the transmission of roughly 100 Bytes of data. The times of TLS initiation and
establishment are also indicated. Unfortunately, we were unable to obtain accu-
rate information about the time required for each ED to register with the network.
Therefore, we indicate the time at which all EDs were successfully connected, as
indicated by a light-emitting diode (LED) on each device.

100
80 1
X 60+ .
8
K40+ i
—— TLS tunnel initialization
20+ —— EDs with established TLS -
___ Al EDs registered
to mobile network
O | | | |
0 1,000 2,000 3,000 4,000 5,000

Time, s

Fig. 4.10: Reconnection time of 200 NB-IoT EDs following a blackout [1].

4.2.3 Measurements Conclusion and Lessons Learned

Analyzing the outcomes of stage two against ideal conditions for a single ED refer-
ence test reveals that connecting to the mobile network and initiating a TLS connec-
tion within ECLO range typically requires several seconds to a few tens of seconds.
However, data from the blackout illustrated in Fig. [4.10] shows a significantly longer
process. The first ED took several minutes to register and send a single data mes-
sage, starting the TLS connection procedure, while 90% of EDs required 40 minutes
to accomplish this task. At the point when 90% of EDs had begun the TLS con-
nection process, only 20% had successfully completed it. An additional 45 minutes
were necessary for all EDs to finalize their TLS connections. The observed increase
in successful TLS connections 45 minutes after the blackout suggests a reduction in
radio channel load, likely due to the completion of mobile network registrations.
The long intervals appear to be closely related to substantial increases in RA

attempts, as previously indicated, which is additionally associated with neither ef-
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ficient nor distributed data scheduling from the ED side. Another significant factor
that may affect the situation is the best-effort QoS configuration of the mobile net-
work. It is crucial to highlight that the outcomes of both the normal and blackout
scenarios should be comparable to other events where bursts of data occur, such as
synchronous remote electricity meter readings or over-the-air firmware updates, as

suggested by a substantial amount of data per month (outlined in Chapter (3)).

4.3 Summary

The findings and insights of this chapter are based on an examination of RQ1
and RQ2. Based on the initial stage of the measurement campaign, the NB-IoT
technology generally exhibits better signal coverage compared to the eMTC technol-
ogy. This result is anticipated, as NB-IoT technology boasts a narrow bandwidth
of 180 kHz (including guard bands) and employs dynamic allocation of robust mod-
ulation and coding schemes based on the ECL class designated by the network.
Consequently, the NB-IoT technology can maintain data transmission in more ad-
verse radio conditions than the eMTC technology by approximately 15 dB RSRP.
Despite this advantage, the NB-IoT fails to fulfill the smart-grid requirements of
guaranteed 11 kbps and 2 s communication delay defined in Chapter [3] at RSRP
levels surpassing ECLO. In this regard, eMTC technology offers the considerable
benefit of higher transmission speeds, reaching up to 1 Mbps. These speeds are at-
tainable due to the wider bandwidth of the technology, which measures 1.08 MHz.
However, because of the broader bandwidth, the eMTC technology throughput be-
gins to decrease earlier as the TX power has to be disseminated across the entire
spectrum, causing it to reach its capacity sooner than the NB-IoT, although it still
surpasses the NB-IoT.

From a broader perspective, it cannot be stated that one technology is inherently
better than the other, as the choice of technology is largely contingent on the specific
use case. For instance, when it comes to battery-powered devices that are situated
in areas with poor radio conditions, such as rural locations or cellars, and where high
traffic or low latency is not a requirement, NB-IoT is the preferred choice owing to its
wider coverage compared to eMTC. However, in situations where high-traffic, low-
latency applications such as VoLTE or low-frequency images are involved, eMTC is
the more suitable option, as it provides higher data throughput with low latency
(ideal radio conditions with a latency of less than 100 ms).

Initial tests under underloaded eNB conditions with a single ED showed that
eMTC meets the requirements for smart-grid applications, making it suitable as the
primary interface, NB-IoT is only appropriate as a backup for service data or during

eMTC congestion or severe outages. This insight is valuable for network operators
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seeking to optimize these technologies within their communication systems. More-
over, the findings could benefit various use case studies or parameter configurations
that require an understanding of system performance, even in non-ideal situations.
Additionally, this study utilizes data from the initial phase to derive essential param-
eters for mathematical models, as detailed in subsequent sections. This conclusion
addresses RQ1.

This stage of the study aims to determine whether the current technology deploy-
ment is adequate for the intended usage or if there are opportunities for optimization
to make such scenarios feasible in real-world applications. As previously suggested,
the coexistence of multiple interfaces, such as NB-IoT and eMTC, in the form of a
Multi-RAT device may be a viable solution for balancing the data load during bursts
and addressing the performance gaps of both technologies when used individually.
While NB-IoT has a limited coverage gap, eMTC has a more limited radio range
compared to NB-IoT.

During the second phase of the measurement campaign, the eNodeB stress test
employing NB-IoT further confirmed that the current configuration of NB-IoT is
insufficient to handle the burst or batch arrival type of traffic commonly encoun-
tered in smart-grid applications. Furthermore, it is unable to manage the increased
volume of data transmitted. These findings confirm that eMTC is the preferred
option for smart-grid applications. The insights gained from the first phase of the
campaign, in conjunction with observations from the second phase, provide a solid
foundation for Multi-RAT EDs operating with a selective or parallel design when
both NB-IoT and eMTC are available. The results that identify the bottleneck in
the RA procedure congestion caused by the batch arrivals of smart electricity meters
also raise a second point for consideration. Even in single-RAT deployments, smart
meters that generate new traffic types, as defined in Chapter|3[and confirmed in this
chapter, must coexist with the traditional [oT sensors. This raises the question of
how to balance these two types of devices effectively. The bottleneck and required
coexistence address RQ2 and open the door for further research on RQ3 and RQ4

in the subsequent chapters.
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5 Latency Improvements for 5G loT Enabled
Smart-Grids

This chapter delves into the modeling and optimization of Single-RAT 5G IoT solu-
tions, with a specific focus on their application within smart-grids, thus addressing
RQ 3 in terms of latency improvements. The integration of smart meters and
other ToT devices in energy distribution networks presents unique challenges, ow-
ing to their specific traffic patterns and stringent reliability requirements. NB-IoT,
with its advantages of low power consumption and extensive coverage, is well-suited
for such applications. However, as discussed in Chapters [2] and [3], the theoretical
underpinnings of technology selection and the defined traffic types necessitate prac-
tical models and optimization strategies to ensure efficient network performance.
Chapter [4] further emphasizes the need for such optimization to address the growing
demand for smart-grid applications. This chapter aims to present both immediate
and future-ready solutions for enhancing the performance of the NB-IoT.

The research methodology involves the development of analytical models and
their subsequent validation through extensive simulations. A Markov chain model is
employed to characterize the traffic patterns of NB-IoT smart meters, followed by the
application of optimization algorithms to improve system performance. The results
from the simulations are analyzed to provide insights into the practical implications

of the proposed models and optimization strategies.

5.1 Comprehensive Modeling of NB-loT Smart Me-
tering Stochastic and Regular Traffic Types

Systems with random access have been known since the 70s of the last century. The
first wave of studies considered systems with many UEs, each with low message
intensity. By tending the number of UEs to infinity while the message intensity per
UE to zero such that the overall message intensity is constant, the message arrival
process in such a system is approximately Poisson in nature. Such a system with
random access, an infinite number of UEs, and a Poisson arrival process was first
studied in [115][116]. In [117], two methods suitable for such systems were proposed:
(i) the Markov chain approach and (ii) the diffusion approximation. Several studies
have analyzed the performance of NB-IoT and eMTC using various analytical and
simulation-based models. The most commonly used approach is the Markov chain
model, which provides a tractable framework for characterizing traffic dynamics and

access performance. However, alternative methodologies such as queueing theory,
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stochastic process models, and machine learning-based approaches have also been
explored in the literature [118| 119).

The initial generation of mMTC technologies, such as NB-IoT, was developed
based on the assumption of completely random, asynchronous message arrivals from
UEs, as specified in the reference test model in ITU-R M.2410. Only recently has the
research community become interested in random access systems under batch traffic
arrival patterns. These studies were motivated by pure research interest in evaluat-
ing the response of random access mechanisms to synchronous access attempts. In
contrast, a second wave of interest has arisen from emerging first-generation mMTC
technologies, including EC-GSM, SigFox, LoRaWAN, IEEE 802.11ah, and NB-IoT.
Notably, the authors in [120-122] investigated different random access mechanisms
under batch arrivals and found that the message transmission delay increases expo-
nentially with the size of the batch for the same arrival traffic intensity.

The paper by [123] explored contention-resolution random access algorithms in
the context of batch arrivals of messages. The authors developed a model based
on the application of the Markov chain modeling approach, which showed a good
match with the computer simulations. However, these random access algorithms
were not used in the mMTC scenarios. Another study [124] examined a similar
random access mechanism and provided guidelines for designing access probabilities
and an analytical calculation of error probability. A logical continuation of this
work is presented in [125], in which the authors investigated random access in LTE-A
technology with NOMA enhancements. They compared the reception of pilot signals
for Successive Joint Decoding (SJD) and Interference Cancellation (SIC) during the
random access phase.

An accurate representation of batch arrivals can be found in [126], where the
authors explicitly assumed batch arrivals from multiple independent sources. The
impact of batch arrivals on IEEE 802.11ah systems was explored in [127, [128],
while [129] examined a particular instance of batch arrivals in satellite communi-
cations. In the context of access barring, the performance of eMTC and NB-IoT
technologies under batch arrivals was analyzed in [41]. It is worth noting that most
of these studies assumed the presence of only one type of traffic at the air interface,
and the number of UEs was often considered to be finite. This assumption enables
the formulation of performance evaluation models using Markov chains with finite
transition probability matrices, which can then be analyzed using standard methods.

Recently, there has been renewed interest in mMTC access schemes, owing to the
emergence of new applications. In particular, the authors of [130] proposed a Delay-
Aware Priority Access Classification (DPAC)-based Access Class Barring (ACB)
scheme for LTA-A random access preamble congestion control aimed at delay-

constrained mMTC devices. The proposed method, with further RL enhancements,
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showed an increase in the probability of preamble success compared to the ACB
approach. However, in constrained scenarios with limited preambles and a large
number of preamble arrivals, the tradeoff resulted in higher delays and increased
device drops compared to ACB and other traditional static approaches. In terms of
power consumption optimization, the authors of [131] investigated wake-up-based
DL access for delay-constrained devices in 5G. The proposed WUS can coexist with
DRX schemes and achieve the desired power savings in DRX periods. This approach
seems more suitable for mMTC nonperiodic traffic because it is more robust and
agnostic by the traffic type. In contrast, the authors in [132] introduce power and
resource saving by implementing Mobile Edge Computing (MEC) and implementing
a Digital Twin (DT) edge network aided by Deep Reinforced Learning (DRL). This
approach is promising in terms of resource offloading and delay optimization during
device mobility.

Several studies have examined random access issues in the context of mMTC
communication, focusing on the refinement of backoff mechanisms and retransmis-
sion limits. The authors of [133] investigated access barring mechanisms to mitigate
congestion but assumed a single traffic type. Similarly, the authors of [134] analyzed
access probabilities under various retransmission strategies, but did not consider the
impact of mixed traffic patterns.

The research presented in [135] showed that even standard LPWAN traffic can
display batch-like characteristics due to aggregation. This phenomenon is linked to
the occurrence of bursts or clustering in typical Poisson processes [136], as well as
in traffic aggregates where sources are not completely asynchronous. Although their
model is relatively basic and doesn’t consider the specifics of random access proce-
dures, it effectively broadens the applicability of the model proposed in our study.
In contrast to [135], our research focuses on burstiness resulting from the specific
operation of application layer protocols that regularly poll UEs. Furthermore, we
take into account the random access phase and demonstrate that it becomes the
limiting factor when a combination of conventional Poisson traffic and bursty traffic
is processed at the air interface.

The aforementioned review highlights the fact that systems under mixed stochas-
tic and regular arrivals in Mobile IoT context have not yet been considered in detail.
Furthermore, no studies have addressed the performance of the NB-IoT system, re-
cently accepted by ITU-R as an enabling technology for 5G mMTC under such load

conditions.
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5.1.1 System Model

In this section, we outline the system model by delineating its constituent compo-
nents, which include deployment, access procedures, and traffic patterns. Subse-
quently, we present our presuppositions and delineate the performance metrics of

focus.

Deployment Model

We analyze an individual NB-IoT cell that has only one RB set aside for operation.
The NB-IoT operation is thought to occur in either the guard band or the standalone
mode within the licensed frequency spectrum. Moreover, we assume that the telco
operator has adequately deployed the network so that there are no other UEs in the
cell with extremely poor channel conditions. Consequently, we consider the packet
loss due to incorrect reception to be negligible. In these situations, the access phase

emerges as the primary cause of performance degradation.

Traffic Types

The considered NB-IoT system accommodates two categories of User Equipment
(UE), as illustrated in Fig.[p.1] The first category, Type I UEs, are continuously
monitored by a remote application server, maintaining an active radio interface and
remaining in a "RRC connected" state throughout their operational lifespan. The
second category, Type II UEs, follows a typical "sleep-awake-transmit" asynchronous
cycle. In scenarios where the UE count approaches infinity and the message gener-
ation probability per UE is near zero, which is typical for asynchronous sensors in
Mobile [oT systems, collective Type II UE traffic can be modeled as a homogeneous
Poisson process with a rate of Ay messages/s [115] 116, [137]. This Ay parameter
represents the combined load from Type II UEs, which can be interpreted in two
ways: it may reflect varying UE densities within the base station (BS) coverage area
generating messages as per the ITU-R M.2410 recommendation or it could signify

different message generation frequencies for a single UE given a specific UE density.

Random Access Phase in NB-loT

According to NB-IoT specifications [138], as illustrated in Fig. the UE is ex-
pected to identify the NB-IoT carrier through measurement of received synchro-
nization signal power in the DL direction, while simultaneously achieving time and
frequency synchronization and decoding the CellID. The interval between repeti-

tions of synchronization information can range from 24 to 2604 ms [139]. Following
this, the UE decodes the NPBCH, which contains the MIB, over a 640 ms TTI. The
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cell characteristics are then transmitted via SIB1-NB over 2560 ms, with additional
SIB2-NB information provided by the BS. More comprehensive details about this
process can be found in [22].

After synchronization, the UE is able to set up the NPRACH and conduct UL
preamble transmissions in accordance with network parameters, ensuring sufficient
repetitions and transmit power. Preamble repetitions can range from 1 to 128.
Within a repetition unit, a preamble follows a predetermined hopping pattern and is
composed of four character groups. Each group contains five characters and a cyclic
prefix (66.67 us or 266.7 us for 10 or 40 km cell radius, respectively). Consequently,
the duration of a random-access attempt spans from 5.6 ms to 819.2 ms. In case
of an unsuccessful preamble transmission, the UE adheres to the random backoff
timer and retransmission limit set by the network |[140]. The BS, upon receiving the
signal, can rectify frequency and time offsets, and determine the timing advance (TA)
for subsequent transmissions. NB-IoT designates a minimum of [ = 12 orthogonal
preambles (subcarriers) out of 48 available. The NPDCCH initiates the data transfer
phase by transmitting DL Control Information (DCI). This signal can be repeated
between 1 and 2048 times [79).

After the initial access phase, the transition from the RRC IDLE to the RRC
Connected state and subsequent message transmission are identical for both Type I
and Type II devices. However, the two device types differ in their subsequent be-
havior. While the Type I UE maintains a permanent RRC connection, the Type II
UE releases the RRC connection after each message transmission. Therefore, if a
Type II UE wants to transmit data, it must go through an RRC resume procedure
that includes another RAP, followed by requesting UL /DL grants by completing the
RAP and message transmission. In contrast, Type I devices only need to complete

a single RAP to acquire UL/DL grants with message transmission [79].

Modeling Assumptions

A system that employs slotting, in which time is divided into consecutive intervals,
is depicted in Fig. [5.2 Each slot duration is § = 10 ms, which corresponds to
the duration of an LTE frame and represents the minimum time required for ran-
dom access without repetition. The message transmission process in Mobile IoT
systems, including the NB-IoT, comprises three phases: synchronization, random
access, and data transmission, as previously outlined. The synchronization phase
has a constant duration of tg. Contemporary Mobile IoT systems, which typically
handle small uplink data transmissions as per ITU-R M.2410 specifications, are
engineered to prevent bottlenecks during the data transmission phase. Given this

design and our focus on a combination of regular and stochastic traffic, we posit
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Fig. 5.1: NB-IoT access: left — Type I UEs; right — Type II UEs.

that the random access phase represents the primary bottleneck. Consequently, we
assume a fixed data transmission time, tg4,4,, While the random access duration tg is
variable. Accordingly, Fig. [5.15 illustrates only the parameters associated with the
random-access phase, excluding the backoff mechanism and the retransmission limit.
In addition, we factor the message-processing time tg. The specific values of these
parameters align with both the NB-IoT standard and our empirical measurements
in Chapter [4 The values of these parameters are provided in Section [5.1.4]

It is worth noting that there are a fixed number of Type I UEs that fall under cell
coverage. These UEs are queried by applications at the beginning of every regular
time interval, referred to as the period, which lasts for a duration of A. The length
of the period depends on the type of application, and can range from minutes to
hours. Upon receiving the request, all Type I UEs attempt message transmission
by performing the NB-IoT random-access procedure.

When generating a message, both UE categories commence the random-access
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process in the following time slot. The hypothesis is that that the probability of
beginning the random access procedure is p = min(n/k, 1), where n signifies the
quantity of preambles, and k£ denotes the number of UEs competing in a single time
slot. As demonstrated in , , this methodology reduces the channel access

delay experienced by UEs.
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Fig. 5.2: System operation timeline: (a) Type II UE activities, (b) Type I UE
activities, (c) Type II UE arrival pattern, and (d) Type I UE arrival pattern [2].

Metrics of Interest

The aim is to evaluate the average delay for both Type I and Type II traffic, specif-
ically E[m] and E[my], respectively. The analysis considers complete delay, which
encompasses the time required for synchronization, random access, and data trans-

mission.

5.1.2 Performance Analysis

In this section, a two-dimensional Markov chain framework is introduced to model
the coexistence of Type I and Type II user equipment in an NB-IoT cell. To simplify
the model and reduce its computational complexity, a state aggregation technique is
employed. Subsequently, a solution algorithm is presented, followed by an evaluation

of the desired metrics.

The Exact Model

The model discussed in Section is best described by a two-dimensional Markov
chain comprising of N} and N? which represent the number of Type I and Type II
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UEs in the system at time t, respectively. This process occurs over a discrete index
set with a slot duration of A/§, where A represents the number of slots between
packet arrivals from Type I UEs, and 0 is the time slot duration.

The structure of the state-transition diagram for the two-dimensional model is
shown in Fig. [5.3] Note that the transitions are limited by [ states that correspond
to the maximum number of available preambles. This is due to the fact that no
more than [ messages can be processed simultanecously, as there are restrictions
on the number of orthogonal channels in NB-IoT. We can establish the following

relation for Type I UEs:
Nt1+1 :Ntl_Tl(Nt17Nt2>a (5.1)

where the quantity T?(N}, N?) represents the number of Type I UE messages sent
and N? denotes the number of Type IT UEs that are still present in the system at
the end of the previous interval A.

Fig. 5.3: State transition diagram of two-dimensional model [2].
Similarly, for Type II UEs we have
Niyy = NP = T (N, NY) + V7 (5:2)

where the number of Type II UEs remaining in the system at the end of the previous
time period A is denoted by N?. This is to be compared with the number of Type II
UEs that become active during the same time period, which is represented by V2.
Finally, T?(N}, N?) represents the total number of Type IT UE messages that were
successfully transmitted during the time period.

Note that Equation demonstrates the connection between the quantity of
Type I UEs and the adjacent Markov points necessary for characterizing the Markov
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chain in accordance with the standard procedure. Additionally, it is essential to
calculate the probability Pr{N} = n | N}/, = m} using the relationship in Equa-
tion[5.1] This principle also applies to Equation Equation[5.2] The most challenging
aspect of determining these probabilities is ascertaining the values of 7' (N}, N?) and
T?(N}, N?), which indicate the number of Type I and Type II messages processed
between two Markov time points. Both these values are contingent upon the number
of Type I and Type Il UEs at the preceding Markov point.

To effectively address the proposed model, one must construct a transition prob-
ability matrix, employ it to solve a system of linear equations, and determine the
stationary probabilities of states within a two-dimensional Markov chain. These
stationary probabilities will further enable us to estimate system parameters, such
as the average number of active UEs of both types in the system and the associated
average delays. Nevertheless, the state space of this process is quite extensive, which
impedes its practical application. Although it is possible to mathematically describe
this model, obtaining the final characteristics with a reasonable number of Type I
UEs in the system is a challenging task. To overcome this limitation, we apply the
state aggregation technique [143, 144] to reduce the dimension of the process and
provide a simple numerical algorithm that professionals can utilize in their work.

The state aggregation technique can be employed in two ways: (i) by analyzing
the structure of the state transition diagram and identifying sets of states with
similar properties, then replacing them with a macro state, or (ii) by leveraging
different granularity of the system, that is, by omitting some details of the original
system. In our study, we adopt the second approach by considering the aggregated
number of Type I and Type II UEs in the system in Section instead of tracking
individual types of UEs in this section. Consequently, the constructed Markov
process is defined as the aggregated version of the exact process presented in this
section. We then utilize it to develop approximate values for the mean delays of
Type I and Type IT UEs.

Approximation via State Aggregation

Consider the one-dimensional Markov chain model {N;, ¢ = 1,2...6}, which includes
the overall number of UEs of both types in the system at each time ¢. The state
space of this process is N; € {0,1,...}. According to our assumptions, the next
state of the process depends solely on the current state, thus making it a Markov
process.

The state transition diagram of the approximate model is shown in Fig. [5.4]
This is a key difference from the two-dimensional model in Fig. is that transition

probabilities are now easier to derive, as no distinction needs to be made between
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the two types of UEs. However, this simplification complicates the calculation of the
metrics of interest, which can only be obtained through bounds and approximations,
as discussed below.

Fig. 5.4: State transition diagram of one-dimensional model [2].

When it comes to parameterizing the proposed model, it is important to note
that the number of active Type I and Type II UEs at time slot ¢ 4+ 1 is directly
influenced by the number of active UEs in time slot ¢t. Specifically,

Nt+1 - Nt - T(Nt) ‘I— ‘/;, (53)

where the number of Type II UEs that become active in a single slot is denoted by
V;, while the number of successful message transmissions when there are /V; messages
ready for transmission is represented by T'(N;).

By employing Equation ([5.3), it is possible to determine the transition proba-
bilities of the set {N; : ¢t =1,2,...,9} by considering all transitions from state i to
state j. To account for the fact that the system moves from state ¢ to state j when
the number of successfully served UEs in the slot is exactly ¢ — j, but no more than
the number of preambles [, the transition probabilities can be expressed as follows:

l )\;n—(i—j)

pij =p{J it =

m=max(0,i—j) (m — (i —j)! x e Pr{T(i) = m}, (5.4)

where the number of successfully transmitted messages, denoted by m, is the focus
of this statement, with its maximum value being 0 when ¢ — j new active UEs enter
the system. The upper limit of the sum is determined by [, which is the number
of orthogonal channels available for transmission within a slot. The expression
under the sum in (5.4)) consists of two terms: the unconditional probability, which
determines the probability of a specific number of new UEs entering the system in a
slot, and the conditional probability, which determines the probability of successfully
transmitting a specific number of messages.

In equation (5.4)), the term Pr{T'(i) = m} represents the probability of success-

fully serving m UEs in a slot when there are ¢ active UEs with messages ready for
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transmission in the system. This quantity is equal to 0 when N; = 0. Otherwise,

the value is

Pr{T(i) =m} = Zi:C’fpk(l — )Pl k,m), (5.5)

where CF is the shortcut for the binomial coefficient and CF = (’;)

In , the probability that an active UE transmits in the current slot is denoted
by p. This probability is obtained as follows. Each UE can select a specific preamble
with a probability of 1/l. Therefore, if there are more preambles than active UEs
in a slot, each UE transmits with a probability of 1. Conversely, if there are more
active UEs than preambles, the likelihood of message transmission from the UE will
be less than 1. Following [142], we assume that the UE follows an optimal scheme
with the following transmission probability.

. 0 | ifi=0 | (5.6)
min(l/i,1) otherwise

The final term in equation , denoted as P(l, k, m), represents the probability
of the distribution of k£ messages across [ channels under the condition that m
channels are precisely selected by a single UE. This unknown value is determined in

the following section as a part of the proposed solution algorithm.

5.1.3 The Solution Algorithm

The calculation of the transition probabilities in equation becomes challenging,
even when using a one-dimensional approximation. This is because of the presence
of intricate binomial coefficients of a high order in P(l, k,m). In the following parts,
we outline a straightforward algorithm to compute these probabilities.

The probability Pr{T'(i) = m} can be broken down into several components.
For ¢ = 0, there is no probability because k is the total number of messages posted
on [ channels for any number of m channels selected by the UEs. For i = 1, there
is one nonzero probability, P(l, k,m). The remaining components, CFp*(1 — p;) %,
describe the binomial probability in which k out of ¢ messages are successfully trans-
mitted. To consider all possible states, we sum over all values from 0 to 7. As i

approaches infinity, the following approximation holds
Pr{T(i) =m} = C"e ™1 —e™™)i"™ (5.7)

where the number of successful transmissions is denoted by variable m. The jus-
tification for equation (5.7) is that as the number of UEs approaches infinity, the
probability of a specific preamble being chosen by only one UE is e~*. Consequently,
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the probability that m preambles from [ are selected by only one UE is governed by
binomial law with a success probability of e~

The only missing parameter is the probability of the distribution of £ messages
over [ channels, where m channels are selected by exactly one UE. To calculate
this probability, we follow the method outlined in [145] and present a solution for
estimating the exact values of stationary probabilities P(l, k, m), see the appendices

in [2]. This solution is readily available by

P(lk,m) =

_1\m min(l,k) . o _
(Z7iA ( 1?f(l <k (5.8)

[*m! fzm (f =m)i(l = Ok = Y
and P(l,k,m) =0, m > k.

Lmax M 1

M 1 +anx
4
.

Fig. 5.5: The structure of the transition probability matrix [2].

The process of solving the model includes determining the stationary probabili-
ties of a two-dimensional Markov chain. It is beneficial to express the probabilities
represented by in the form of a square matrix of transition probabilities over
the Markov chain states, as illustrated in Fig. For practical calculations, it
is necessary to truncate the number of rows and columns to M; + L.y, Where M;
represents the number of Type I UEs in the system, and L,y is a value selected such
that the sum of elements in the first row is approximately 1 with a given precision,
such as 1076,

Metrics of Interest

Our initial model was a two-dimensional Markov model with variables N} and N?,
representing the number of Type I and Type II UEs, respectively. However, this
model has a high computational complexity; therefore, we used state aggregation
to develop a simplified one-dimensional Markov chain model that tracks the joint

variable Ny = N!+ N?2. This new model allows us to determine the mean aggregated
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number of UEs in the system, E[N], and the associated delay, F[D]. Now, we will
develop bounds on the number of Type I and Type II UEs in the system. Our
approach is to consider a system without Type II UEs, calculate the mean number
of Type I UEs, and then analyze the system without Type I UEs to determine the
mean number of Type II UEs. Both systems form separate one-dimensional Markov
chains, as shown in Fig. [5.6

The transition probability matrix of the two-dimensional Markov chain depends
solely on parameters A\ and M;. Given that the distribution of the number of Type I
and Type IT UEs (N}, N}) is already known in the initial time slot when all Type I
UEs are activated, we can proceed with the analysis. Throughout this section, we use
Fig. to illustrate the behavior of the examined intermediate metrics. This figure
specifically compares the intermediate metrics of interest for the average number
of Type I and Type II UEs in the system as a function of time against a single
computer simulation run with Ay = 2.5 and M; = 100. It’s important to recognize
that because Fig. [5.7] relies on a single simulation run, the simulated performance

of the metrics may occasionally cross an analytical lower bound.

| 2D Markov model |
N/, N}

|
1D Markov model
N, = Ntl + er
[M=0 | A,=0
A2O NO

E[N*] = E[N*Y] E[N'] = E[N'V]

Fig. 5.6: The overall analysis procedure [2].

The transition probability matrix can be utilized to obtain the distribution of
the pair (N}, N?) in each subsequent time slot ¢t = 2,3,...,d. This allows for the
determination of their mean values, E[N}| and E[N}]. Consequently, the number
of active UEs over the time interval A can be calculated.

5 1 5
E[N
E[NI]ZZ [5t],E[N2]:Z

t=1 t=1

EIN?]
. 5.9

- (59)

Using Little’s result, we can calculate the expected delays for Type I and Type II

UEs, denoted as E[D;] and E[D], respectively. The expressions for these delays

are given by

E[N?]

E[D,| = , E[Do] = N

(5.10)
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According to the two-dimensional Markov model explained in Section [5.1.1} the
metrics of interest, E[r] and E|[my], which are measured in seconds, are calculated
as follows:

E[r1] = (E[D1]tr + tdata) 1073,
E[1y] = (ts + E[Ds]tg + tgata) 107°. (5.11)

The factor 1073 is used to account for the NB-IoT frame duration (§ = 10 ms),
which represents the slot duration. The variables tg, tr, and ¢44;, denote the synchro-
nization duration, random access duration, and data transmission time, respectively.
It’s important to highlight that the main distinction between Type I and Type II
traffic in lies in the fact that Type I traffic doesn’t require a synchronization
phase, as the connection remains active at all times.
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Fig. 5.7: The number of active UEs in the system during A [2].

A method that employs a two-dimensional Markov chain is associated with a high
level of computational complexity. To address this issue, we propose upper bounds
on the mean delay performance of Type I and Type II UEs. Similar to the two-
dimensional scenario, we consider the state of the transition probability matrix at
the beginning of the interval. This state depends on the intensity of the packets from
Type I UEs, A9, and the number of Type I UEs, M;. Additionally, we can calculate
the mean number of active UEs for both types in all subsequent slots, E[N;]. The
trajectory of the process {IV;,t = 1,2,...,0} is depicted in Fig. by black lines.
At the beginning of the interval, N; consists of both types of UEs. However, as time
progresses, the number of Type I UEs decreases and only Type II UEs contribute
to N;. As a result, starting from a specific time slot, the distribution of the Type
IT UEs aligns with the distribution of both types of UEs for the remainder of the
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interval A. Consequently, the mean value E[N] is obtained as

E[N] =Y E[;Vt]. (5.12)

t=1

The following statement holds true when a one-dimensional Markov model is

expanded to include two-dimensional state aggregation [146]:
E[N] = E[N'] + E[N?] (5.13)

Now, consider a system in which there are no Type II UEs, that is, Ay = 0.
The mean number of active UEs in this system is bounded from below by N}. The
behavior of this metric, denoted by F [Ntl(_)], is illustrated in Fig. by red lines.
The value of E[N'9)] averaged over the period A provides the lower bound for
E[N']. This metric can be obtained by substituting E[N'(~)] into to get

E[N] > E[N'9)] + E[N?], (5.14)
and implying that E[N?] < E[N] — E[N'7)] = E[N?™®)], that is also illustrated in
Fig. [5.7], thus, leading to
E[N] - E[N']

A2 ‘

In contrast, let us consider a system without a Type I UEs, meaning M; = 0.

E[D,] <

(5.15)

The mean number of UEs in this system serves as the lower bound for E[N?], as
shown in Fig. [5.7] Similar to the previous case, the corresponding mean value over
A, E[N?2)] acts as the lower bound for E[N?]. Because Type I UEs are absent, the
distribution of N; throughout the entire interval A is given by the defined Markov

model and can be determined for any specific A\s. By substituting the lower bound

for E[N?] into (5.13)), we obtain
E[N] > E[N'] + E[N*7)], (5.16)
which leads to E[N'] < E[N] — E[N?)] = E[N'™)], as shown in Fig. [5.7, and

ultimately resulting in the mean delay approximation for Type I UEs in the following
form:
J(E[N] - E[N*])
M, '
By substituting the right-hand sides of (5.15) and (5.17) into (5.11)), instead of
E[Ds] and E[D;], we obtain the upper bounds for the metric of interest, that is,

Eln] < <6<E[N1 = flf[N“”DtR " t> 102,

E[N] — E[N')]
A2

The resulting computational algorithm is shown in [2].

E[Dl] <

(5.17)

Elr] < (ts + th -+ tdam> 1072, (5.18)

93



5.1.4 Numerical Results

In this section, we will delve into the proposed model by examining its effectiveness
in the presence of two different types of traffic in an NB-IoT cell. We begin by
evaluating the accuracy of the model and then demonstrate the stability region of
the system. Subsequently, we will assess the accuracy of the proposed approximation
for the mean delay, and finally, we analyze the impact of the system parameters on

the performance metrics.

Parametrization Campaign

The creation of the suggested models is contingent upon several time-related assump-
tions regarding NB-IoT technology. Nevertheless, these presumptions are heavily
reliant on the actual rollout of NB-IoT (defined by 3GPP), the configuration of the
mobile network (operator-specific), and the UE design (e.g., the selection of subcar-
riers for random access, the number of repetitions for all communication tasks, and
the number of subcarriers utilized for transmission). All these factors affect the time
required for synchronization, RRC state transmissions, and message transmissions.
To obtain representative results for practical NB-IoT implementation, we utilized
data from the measurements presented in Chapter [d] However, it is essential to
acknowledge that the measurement campaign was designed to gather the parameters
of non-interfering devices in a network with specific parameter configurations.
Utilizing the analytical model parameters outlined in Table [5.1] we determined
the values presented in the table. These values were derived from average measure-
ments of the results, incorporating the following assumptions: (1) synchronization
time encompassed the period for initial time and frequency synchronization and
gathering information about neighboring cells, (2) random access preambles were
configured with two repetitions and selected from 12 subcarriers, (3) the collision-
free RAP was defined as the RAP phase extending to Msg3, (4) the 200 B message
transmission time was calculated as radio transmissions excluding RAP, TAU, and
RRC connection phases, and (5) message handling time represented the duration

required for the UE to process messages.

Accuracy Assessment

The initial step was to gauge the precision of the proposed model. It is important to
keep in mind that there may be two sources of errors arising from the assumptions we
made for analytical convenience and numerical simplicity. The first source of error
is connected to substituting the detailed two-dimensional Markov model with a one-
dimensional approximation. The second source of error arises from the utilization

of delay bounds instead of exact delays. In this section, the focus is on the first
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Tab. 5.1: Default system parameters.

Parameter name Symbol | Value
Time slot duration ) 10 ms
Number of preambles [ 12

The time to synchronization ts 30 slots
Temporary collision-free RAP tr 4 slots
Message handling time ty 1 slot

Data transfer time taata 35 slots
Interval between Type I UE arrivals A 15 minutes
Number of Type I UEs M,y 100-10000
Arrival rate of messages from Type II UEs | )\, 1-100 per sec

source of error, while in the following sections, we evaluate the accuracy of the

approximations for the mean delay of messages.
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a) Active UEs during a single cycle b) Mean number of active UEs in the

system

Fig. 5.8: Numerical assessment of model accuracy [2].

To evaluate the effectiveness of using a one-dimensional model to represent a
two-dimensional model, it is essential to consider the total number of active UEs
in the system. In the first instance, we distinguish between Type I and Type II
UEs, whereas in the second instance, we capture the total number of both types of
UEs. We used a two-step process for benchmarking. Initially, we ensured that we
did not make the mistake of applying the state-aggregation technique by comparing
the evolution of the total number of active UEs during a cycle in the precise two-
dimensional Markov model (N} () + N2(t)) and the consolidated number of active
UEs in a one-dimensional model (N(¢)). Then, in the second stage, we work with
time-averaged metrics that are directly related to the final metric — delay. We

compared the mean number of UEs in system E[N] obtained using the simplified
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one-dimensional model with those obtained using the precise two-dimensional and
approximate one-dimensional models.

Our simulation tool was designed and implemented in MATLAB, following the
specifications detailed in Section [5.1.1 and adhering to the timings depicted in
Fig. 5.2, The minimum time increment is defined as 9§, which corresponds to the
duration of the NB-IoT frame. Type II packets were received by the system ac-
cording to a Poisson process with an intensity parameter of A\y. Because the system
operates on a time-slotted basis, the arrival time is rounded to the nearest slot
boundary. The start of the simulations was synchronized with the commencement
of the first query interval, which lasted for A slots. Type I packets are batched
and processed in the initial slot. Each packet underwent an explicit simulation of
the random-access procedure, which involved selecting a random preamble. The
synchronization and data transmission times were factored into the simulation by
skipping the required number of slots. At each slot, a separate variable is utilized to
keep track of the numbers of Type I and Type II packets in the system. Statistical
data collection was performed only in the steady state. To determine the onset of
the steady state, we used the exponentially weighted moving average statistic [147].
Finally, the batch-means method [147] was employed to gather statistical data.

The figure below, specifically Fig. [5.8h, depicts the analytical results of total
number of active UEs during a single interval A that is obtained from simulating
the considered model. This value is obtained by averaging over 100 realizations for
500 Type I UEs and an intensity of Ay = 0.1 messages/s from Type II UEs. It
is evident from the figure that the approximate one-dimensional model accurately
captures the number of UEs, which confirms the hypothesis that the distributional
characteristics of the number of UEs in the system for the two considered models
are identical. It is important to note that we primarily focused on the mean delay of
Type I and Type II messages as the main metric of interest. However, this delay is
directly related to the mean number of active messages or, alternatively, the number
of UEs with messages ready for transmission. Therefore, the shape of the delay is
similar.

To determine if the previously mentioned hypothesis applies to other system
parameters, we conducted an analysis of E[N]| using the proposed one-dimensional
model and compared it to computer simulations of both exact and one-dimensional
models. However, despite averaging the simulation results over multiple runs, stochas-
tic factors still played a role, causing crossings between the analysis and simulated
curves, although they followed the same trend. When the number of Type I UEs
increases (e.g., to 1,000 or more), the variance of the simulations increases, leading
to more visible deviations in Fig. [5.8b. Nevertheless, the simulation data coincide

well with the presented data, indicating that there is no error in replacing the more

96



complex two-dimensional model with a simpler model.

For large gaps between the arrivals of Type I UE messages, there are extended
periods when the system is nearly devoid of traffic with only Type II UE messages
present. However, the overall quality of service in terms of mean delay (calculated
for both time and UEs with messages ready for transmission) for both types of
traffic is significantly affected by what transpires at the commencement of these
intervals. As a result, we evaluate the so-called "ergodic" metric, which averages the
mean number of active UEs and the mean delay over time. At the start of these
intervals, the immediate delay for Type II UEs is substantially higher than that at
the end, but on average, the delay experienced by Type II UEs is as shown in the
steady state. The logic for Type I UEs is similar, but the delay is higher than that
for Type II UEs, as they leave the system much earlier than the end of the period
between Type I UE arrivals.

System’s Stability Region

To ensure optimal performance in practical deployment, it is essential to compre-
hend the system performance region when the message transmission delay is not
always infinite. Our system employs a method in which untransmitted Type I UE
messages that have not been sent by the end of the inter-arrival period for Type I
UE messages are removed and replaced with new ones. However, Type II UE mes-
sages are unique because they can accumulate indefinitely. Nevertheless, Type I
messages contribute to the overall intensity of Type II messages when they coexist
in a system. Consequently, we conducted an assessment of the stability of the sys-
tem, considering that the system is considered stable if the maximum output traffic
intensity that can be managed by the system exceeds the input traffic intensity. To
this end, Fig. illustrates the analytical results of the output traffic intensity in
messages per second in relation to the number of Type I UEs in the system for var-
ious Type II UEs message intensities (also in messages per second) and an interval
between Type I UE arrivals set at 15 min. The figure also shows the maximum
output traffic intensity that the system can support (black line). At approximately
9,000 Type I UEs and Ay = 0.4 messages/s, we observed that the maximum output
traffic intensity was exceeded, implying that the system became unstable from this
point onwards. For lower values of Ao, there are additional crossing points, but they
correspond to significantly higher numbers of Type I UEs.

Note that if the transmission time is 40 ms, the Type II message intensity of
Ay = 4 messages per second with a standard message inter-arrival time of 2 h
specified in ITU-R M.2410 [24] results in 72 x 10* Type II UEs in the coverage area

of a single NB-IoT cell. Therefore, the proposed model can be used to assess the
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Fig. 5.9: Stability region of the considered system [2].

performance of 5G mMTC services based on NB-IoT, which has a target of 10* UEs
per square kilometer [148] and up to 9 x 10* Type I UEs requiring permanent
connectivity. The stability region for other traffic parameters can be estimated
using the proposed model. When designing a network, these constraints must be
considered by the network operators. However, we want to emphasize that the
system stability does not guarantee that all other performance indicators remain

within their specified limits. We now proceed with a delay analysis.

Delay Approximations

After presenting an approximate estimate of the overall number of active UEs in the
system using a one-dimensional model and identifying the system stability region, we
evaluated the accuracy of the Type I UE message delay approximation based on the
proposed model. To accomplish this, Fig. depicts the developed approximation
for the average delay of both types of UEs as a function of the number of Type I for
Ay = 1 messages/s and A = 15 min. Upon analyzing the results, it is apparent that
the approximation accurately matches the actual average delay experienced by the
Type I UEs across the entire range of considered UE numbers. For Type II UEs,
the match is good until a relatively high number of Type I UEs, for example, 103.
Beyond that, the model starts to overestimate Type II UEs’ delay. Additionally,
it was observed that as the number of Type I UEs increased, the accuracy of the
delay approximation for Type I UEs improved, whereas the accuracy for Type II
UEs worsened. This is because, under this condition, Type I UEs start to dominate
traffic aggregation. This trend also holds true for the increasing Type II UEs’ arrival
intensity (see Fig. [5.11]). However, the impact is less noticeable because the delay

experienced by both types of UEs is mainly influenced by the number of Type I UEs.
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Fig. 5.10: Delay approximations for considered UE types [2].

Performance Analysis

After pinpointing a suitable approximation for delay and verifying the stability re-
gion of the system, we evaluated the performance of traffic types in terms of delay.
To achieve this, Figs. and depict simulation-based results of the mean
delay of both traffic types as a function of the number of Type I UEs and the inten-
sity of Type II messages in the system for A = 15 min. Upon analyzing the data,
it becomes evident that the intensity of Type II UEs does not have a significant
impact on the performance of either traffic type. This is because the load produced
by these UEs is evenly distributed over time. On the other hand, increasing the
number of Type I UEs negatively affected the mean delay of both traffic types, as
expected. The impact of Type I UEs on the mean delay is linear, whereas the mean
delay of Type II UEs increases exponentially with the number of Type I UEs. It
is worth noting that this increase becomes significant from approximately 500 UEs,
but this value depends on the number of Type I UEs and cycle time values A.
Another significant observation is that the presence of Type I UEs affects the
compliance of NB-IoT technology with 5G mMTC requirements formalized in Chap-
ter [3 This recommendation sets a delay bound of 10 s for 10° traditional sensors,
assuming that each generates at most one message in two hours and 2 s for smart
meters with regular polling interval. Furthermore, as previously demonstrated in
the 'System’s Stability Region’ subsection, the system remains stable for approxi-
mately 9 x 10% and 72 x 10* Type I and Type II UEs, respectively. However, based
on the data presented in Fig. [5.12] we see that the mean delay of Type I UEs is
already higher than 10 s, even with 100 Type I UEs in the system violating both
considered constraints. At the same time, it remains well below for the conventional
UEs, even with 10* Type I UEs in the system. Thus, we can conclude that the
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presence of UEs demanding permanent connectivity questions the applicability of
NB-IoT technology in its current form for environments with a mixture of considered
traffic types.
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Fig. 5.11: Delay performance as a func- Fig. 5.12: Delay performance as a func-

tion of Type IT message intensity [2]. tion of the number of Type I UEs [2].

A factor that may affect the delay performance of various traffic types is cycle
time A. To investigate this, Fig. [5.13| shows results from simulation of the mean
delays of different traffic types as a function of A. The figures demonstrate that the
duration of the cycle interval does not seem to affect the delay performance of the
considered traffic types. This is because the arrival of Type I UEs is so well-timed
that it does not affect the stability of the system under the given parameters. In
other words, the delay caused by the arrival of Type I UEs is significant but short-
lived, and the period during which they are present in the system is much shorter
than the cycle duration A. Although smaller values of A may delay the explosion
of the delay, the system remains largely unaffected by any practical duration of A.

Finally, we explore a technique to ensure assurances for Type I. To achieve this,
Fig. depicts the average delay of Type I UEs as a function of their quantity
in the system for multiple RBs designated for the NB-IoT network, A = 15 m, and
a Type II UE arrival intensity of As = 1 messages/s. In this case, we assume that
both types of UEs are equally allocated between the NB-IoT RBs. The deployment
of multiple RBs is achievable by deploying NB-IoT to multiple guard bands or also
in inband. However, as stated above, this model considered 12 preambles for the
RA procedure out of the 36 available. This division is a typical deployment, where
each ECL occupies 12 preambles; thus, this model considering ECL0 expands to the
rest of the region. As we can observe, when one, two, or three RBs are utilized, the
delay for Type I UEs decreases. Moreover, the observed trend was nonlinear and
the average delay decreased significantly when more RBs were added to the system.

By employing three RBs, the average delay for the Type I UE satisfies requirement
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Fig. 5.13: Delay performance as a function of cycle time [2].

M.2410 of 10 s for all the considered numbers of Type I UEs. However, considering
the 2 s delay defined in Chapter [3| by employing three RBs, this requirement is
met for up to approximately 240 Type I UEs. Thus, such an enhancement could
overcome the congestion observed in the measurement campaign with 200 UEs, as
detailed in Section 4.2l
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Fig. 5.14: Mean Type I UE delay for different number of RBs [2].
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5.2 Optimal Spreading of the NB-loT Stochastic and

Regular Traffic Message Transmission

5.2.1 System Model

As in the previous section, the objective was to develop a system model that en-
compasses the key components of the system under consideration. Moving forward,
we conducted a system analysis to evaluate performance measures of interest. The
deployment model and random access procedures from the previous section were

implemented, with only a slight adjustment made to the traffic type.

Traffic Types

We focused on two categories of applications that utilize the capabilities of an
NB-IoT system. Type I UEs (regular) are those that are managed remotely from an
application server and are continuously active, keeping their radio interface opera-
tional. As a result, they remain in an RRC-connected state throughout their entire
lifecycle, as discussed further. Type II UEs (stochastic) are conventional devices
that undergo a sleep-aware-transmit cycle. These devices can be used for periodic
measurements, and their operational cycles are assumed to be asynchronous. We
assume that the time between message transmissions in this type of traffic follows

an exponential distribution, with a mean of \;'.

Modeling Assumptions

We typically use a system that divides time into discrete slots. Each slot is 10 ms
long, which corresponds to the duration of one LTE frame and represents the mini-
mum time required for random access without repetitions. There is a fixed number
of Type I UEs within the cell coverage, denoted by N;. Applications query these
devices at the start of a regular time interval that lasts for 7" seconds. The duration
of this time interval may vary depending on the type of application, and can range
from minutes to hours. In this context, D; and D, represent delay samples. When
requested, all N; devices attempt to transmit a message by following the NB-IoT
random access procedure. To address this issue, we propose a mechanism that allows
devices to delay transmission for a period uniformly distributed over (T, T+ 71), as
illustrated in Fig. [5.15]

The reasons for this procedure are as follows. When 77 is small, the system load
is high, leading to significant delays for both Type I and Type II UEs owing to the
RACH conflict resolution. As 77 increases, the initial RACH requests from Type

I UEs become more evenly distributed, which reduces the delay. However, when
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Fig. 5.15: Timing diagram of the system operation [4].

71 becomes too large, the mean delay for the Type I UEs increases again owing to
delayed initial RACH access attempts. Moreover, the choice of 77 also affects the
mean delays for Type II UEs, as both types of devices have an impact on latency.
In practical application, 71 can be configured by the application server or UEs can
be instructed to initiate their first access attempt randomly and uniformly within
(T, T+ 1).

When generating a message, both types of UEs commence a random-access pro-
cedure in the following time slot. We assume that the probability of starting this
procedure is p = min(n/k, 1), where n is the number of preambles and & is the num-
ber of UEs competing in a single slot. According to the studies referenced in [141],

and |142|, this approach reduces the delay experienced by UEs.

Metrics

We aim to address two key questions: first, what is the average delay for Type I and
Type 1II traffic, specifically E[D;] and E[Dy], respectively, and second, what is the
ideal selection of 71 that reduces the message transmission delay for Type I UEs to

its lowest?

5.2.2 System Analysis

We examine the system at discrete intervals for a duration of tz. The initial time
slot corresponds to the start of the query interval for Type I UEs. Let’s denote by N,
the number of active UEs of both types that have messages ready for transmission,
but have not yet been granted access. As outlined in Subsection [5.2.1] the number
of active UEs in the subsequent time interval ¢t + 1 depends on the number of active
UEs in the current time interval ¢ as

Ny —T(N)+VHN)+VE t-th<m

Nt+1 = 5 (519)
Nt—T(Nt)—‘—‘/;? t'tR>7—1
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where T'(N;) represents the number of successful transmissions when the system
has N active UEs, V;'(N;) and V;? are the amounts of Type I and Type IT UEs,
respectively, that become active in slot ¢, provided that N; represents the number
of active UEs at the beginning of slot .

A plot depicting the trajectory of this probabilistic process, which was obtained
through computer simulations, is illustrated in Fig. [5.16] It is worth mentioning
that this process does not adhere to the Markov property, rendering its precise
description challenging. To grasp the essential features of this process, we used
approximation techniques. Instead of explicitly following the stochastic development
of {Ny,t=0,1,...} according to , we present and examine the attributes of a
related deterministic process that represents the state-space reduction of the number

of active UEs, N, over time.
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Fig. 5.16: Number of active UEs of the Type I [4].

Given that active UEs are assumed to transmit in a slot with a probability of
p =min(n/k,1), as stated in Subsection [5.2.1} the following can be approximated

E[T(N,)] = ne™. (5.20)

Moreover, considering that Type I UEs are instructed to choose the transmission
slot uniformly over the interval from 1 to 7, we can express the expectation of V,'(V;)

as follows:
E[V;H(Ny)] = matr/7. (5.21)

Ultimately, it is important to recognize that the arrival rate of Type II user

equipment remains consistent over time, suggesting

E[V?] = \atg. (5.22)
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Utilizing the results (5.20]) — (5.22)), we can apply the state-space reduction, as
discussed in Kleinrock’s theory |[149]. With this, we can write the recurrent relation

for N1, which approximates the evolution of the mean value of the stochastic

process {N;,t =0,1,...} as follows

Nt+1 - (523)

Ny —nemt + TR 4 Motp ttg <7
ﬁt—n€7l+)\2t}g t'tR>7'1.

The development of the initial stochastic process involving the number of active
UEs {N;,t = 0,1,...} and its corresponding deterministic average process is de-
picted in Fig. for the scenario of ne™' < mytr/7 and various spreading time
values 71. It can be seen that the process {N;,¢ > 0} closely resembles the original
process, suggesting that the former can be employed to accurately approximate the
average message transmission delay for both Type I and Type II UE devices. We
now calculate E[D;] and E[D,].

Let us denote 7" as the time instant when all Type I UEs have successfully left
the system. Additionally, let’s consider d, which is the mean message transmission

delay. These two metrics are related as follows

d= (é Nt> / (my + NT"), (5.24)

where the numerator represents the only unknown value.

Consider term Y7 | E[N,]. An examination of the {N;,t > 0} structure depicted
in Fig.[5.16| suggests that the desired sum is equivalent to the area of a triangular
shape. This triangle has its base on the interval (0,7") as shown in Fig.[5.16, The
triangle’s height corresponds to the peak value of E[N;], which is represented by the

following expression
my —ne i + Aoy, (5.25)
The numerical value of the triangle base can then be expressed as T = 11 + X,
where X is determined by the following equation

my — 716717'1 + /\27’1 mq )\27‘1
X = 1 = 1 T + T
ne— ne— -

(5.26)

ne

Solving equation with respect to T, we obtain the following expression

A
T =7+ X = L 2T (5.27)
ne ne
The area of the triangle is calculated by the following formula
iE[N]:(m —ne'r +Ar)><1 m AT (5.28)
Pt ! ! PR T 9 \net T et ) '
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By inserting (5.28)) into ((5.24)), we derive

1
d—

= et (ml —ne 'm + )\27'1> : (5.29)

After determining the value of d, we can calculate the expected transmission
delays for Type I and Type II UEs, E[D;] and E[Ds], by adding up the delay

components as

E[D\] =1/24+d,
E[D)| =T'(d+ts) + (T —T')(ts +tr)/T. (5.30)

Substituting equation (5.29)) into equation ([5.30) and differentiating between two
cases, t - tg < 1 and t - tg > 7, in equation ([5.23]), we obtain the final result for
Type I UE mean message transmission delay in the form of equation (5.31]), which

is given by

1 mi AoT1 —1 mitr
Ly 4 2em < mte 4 )

E[Dy] :{ f( ) ne no (5.31)
2

5T1 ne_l > mj_iltR + )\2

To convey the final expression for the mean message transmission delay of Type
IT UEs, we adopt the same strategy by substituting ([5.29)) into ((5.30). The mean

delay is considered insignificant when ne™! < mytp/7. Consequently, we derive

T'(d+ts)+ (T —T)(ts + tgr)
T ;

E[Dy] = (5.32)

for ne™* < mytr/m + Ao and E[Ds] = 0 in all the other cases.

Numerical Results

This section employs the parameters obtained from the measurement campaign de-
scribed in Table[5.2] to assess the delay performance of Type I and Type I UEs. Our
primary objective is to determine the optimal spreading interval 7; that minimizes
the delay for Type I UE messages. To accomplish this, we begin by comparing our
model’s results with computer simulations, followed by an examination of how var-
ious system parameters influence the optimal 7; value. It is important to note that
the simulation tool used in this study was developed and implemented in MATLAB,
adhering to the specifications detailed in Section and following the timings
shown in Fig. [5.15]

A comparison between the model and simulation data is shown in Fig. [5.17 The
simulation data was generated using a specially developed Discrete Event Simula-
tion (DES) system that specifically modeled the message transmission process for

Type I and Type II UEs in accordance with NB-IoT access and data transmission
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protocols. The simulation parameters were consistent with those obtained during
the measurement campaign outlined in Chapter 4] To address potential correlations
between consecutive query intervals, which might cause discrepancies between the
model and computer simulations, we calculated the average of simulation results
across 100 query intervals. Furthermore, in line with ITU-R M.2412 guidelines, we
assumed that Type II UEs generate messages every two hours. Consequently, the
Ao value of 5 msg/s used in the study corresponds to 3,600 Type II UEs.
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Fig. 5.17: Mean message delay for differ- Fig. 5.18: Smoothed message delay [4].

ent my [4].

Tab. 5.2: Input parameters for analytical model.

Parameter name Symbol | Value
Number of preambles n 12

The time to synchronization ts 30 slots
Temporary collision-free RAP tr 4 slots
Message handling time ty 1 slot

Data transfer time taata 35 slots
Message period for I Type T 1 - 60 min
Number of user equipment of I Type | m; 100-10000
Input flow rate of II Type A2 1-100 per sec

Examining the outcomes shown in Fig.[5.17] it becomes evident that the model
accurately predicts the complete average message transmission delay for Type I UEs.
However, initially, the suggested method does not seem to enhance this metric, as
the delay remains constant before increasing. This can be attributed to the fact
that the advantage of distributing a Type I message by sending requests over 7

is offset by the increased delay in the UE’s initial transmission attempts. Another
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noteworthy observation is the relatively low delay experienced by Type II UEs when
compared to the delays of Type I UEs.

We aim to explain the statements made above by analyzing the instantaneous
delay of the Type II messages depicted in Fig[5.18] In order to present a clear
visual representation of the trends in the data, we employed a moving average filter.
The results indicate that Type I UEs have a significant influence on the delay of
Type II messages throughout the spreading interval 7. After 7 has ended, the delay
gradually decreases and eventually reaches small values, which is typical for a system
with only Type II UEs. Additionally, we observe that this trend is also applicable
to the actual delay of Type I UEs during the spreading interval 7, (excluding 7 /2).

With the advancement in the value of 7, it is possible to reduce the immediate
delay for both Type I and Type II UEs. The developed analytical model offers a
straightforward approach for identifying the optimal spreading time 7; that mini-
mizes the delay for both UE types by pinpointing the point at which the slope of
the mean delay function fluctuates.

After evaluating the performance of the developed model, we investigated the
influence of the number of UEs on the mean message delay for various values of 7,
as shown in Figs. and [5.20] Initially, in Fig. [5.19] we observe that the number
of Type I UEs has a negligible impact on the mean delay of Type II UEs, resulting
in a minimal increase. Comparable results were obtained for 7;. The reason behind
this is that 71 is substantially smaller than the considered query interval T', which
was set to 15 min in our simulations. Nevertheless, for a specific value of 7, the
number of Type I UEs significantly affects the mean delay of the Type II UEs. On
the other hand, we observed that in Fig.|5.20, Type II traffic did not produce any
significant effect on the delay performance of Type I UEs.
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Eventually, we display the typical Type I UE message delay for various values
of Type I UEs and the intensity of Type II traffic corresponding to the optimal
spreading interval 7 in Fig.[5.21] It is evident that the desired metric scales pro-
portionally with the number of Type I UEs, and its inclination is nearly insensitive
to Type II traffic intensity \o. These traits facilitate the estimation of the expected
Type I UE delay associated with the optimal spreading interval under diverse traffic
conditions. The corresponding optimal spreading intervals and delays are presented
in Table[5.3] It is apparent that 7; also increased linearly.

Tab. 5.3: Optimal values of spreading interval 7.
Type I UEs [-] 500 1,000 2,000 5,000

Optimal 7, [s] 5 10 20 45
Mean D, [s] 2.5 5 10 23.7

5.3 NB-loT Transmission Delay Reduction by Early

Data Trasmissions

Data Transmission Mechanisms

The reduction in EDT signaling overhead can be observed in Fig. [5.22l The eNB
communicates DL data transmission to the UE using a DCI message in the NPDCCH.

Nevertheless, NB-IoT UEs possess limited computational capabilities, so a 4-ms time
offset is implemented between the end of NPDCCH and the start of NPDSCH. Once
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the data in NPDSCH are received, 4 ms of decoding is anticipated with good radio
conditions, MCS of 10, and a TB of 680 bits. After a minimum of 12 ms, a HARQ
message, including an acknowledgment of the transmission, was sent via NPUSCH.
If more data are to be sent, the UE must wait for 3 ms before listening to the NPD-
CCH. The entire process of combining the DCI and NPDCCH is shown in Fig. [5.23]
Thus, the projected DL throughput can be calculated as

T = T Birae/(NPDCCH + NPDSCH + NPUSCH + Of f)

5.33
— 680/(1+4+ 2+ (44 12+ 3)) = 26.15 kbps. (5:33)
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Fig. 5.22: NB-IoT: Early Data Transmission .

This calculation is valid only for NB-IoT in Release 13, as newer releases allow
for a larger TB and two HARQ processes, resulting in a maximum throughput of up
to 127 kbps [82, [150]. However, it should be noted that the maximum throughput

may vary depending on the specific release and implementation.
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Fig. 5.23: NB-IoT: Transmission Timing .
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For UL, the UE receives scheduling information through DCI on the NPDCCH.
This allows the device to transmit UL data via the NPUSCH. The UE requires a
minimum of 8 ms to prepare and transmit UL data on NPUSCH. Under favorable
radio conditions with a maximum MCS of 12, a TB of 1,000 bits, and all 12 tones
available, data transmission through NPUSCH takes 4 ms. However, single-tone
transmissions need at least 48 ms. Following UL data transmission, the UE waits
a minimum of 3 ms to receive an acknowledgment from the eNB via NPDCCH,
potentially accompanied by the next grant. Using these parameters, it is possible

to calculate the maximum throughput for both single and multi-tone as

T = T Byrae/(NPDCCH + NPUSCH + Of f)
Torui = 1000/ (1 + 4 + (8 + 3)) = 62.5 kbps. (5.34)
Tsingie = 1000/ (1 + 48 + (8 + 3)) = 16.7 kbps.

Similar to the DL, the initial NB-IoT release supports the aforementioned values.
Subsequent versions have enhanced throughput capabilities up to 159 kbps owing
to the utilization of larger TBs and two HARQ mechanisms [82, 83, |150].

Given the impracticality of estimating SINR in simulations, we chose to rely
solely on RSRP values. This approach was adopted to assess NB-IoT performance
in scenarios involving numerous devices simultaneously interacting with a remote
server. To accomplish this, we selected the discrete-event network simulator NS-3,
which provides a comprehensive suite of tools for analyzing wireless cellular technolo-
gies. Specifically, we employed the LENA-NB module, developed at the Technical
University Dortmund. LENA-NB stands out among other available frameworks by
offering a complete implementation of the NB-IoT protocol, encompassing power
states and cutting-edge NB-IoT features like EDT [151].

In order to assess the performance of NB-IoT, we devised two simulation sce-
narios. In the first scenario, a single eNB served 50 to 1,000 devices uniformly
distributed over a circular area with a diameter of 3 km, with the base station lo-
cated at the center to ensure that the communication distance did not exceed 1.5 km.
This setup is representative of a typical suburban or rural area, with an eNB density
comparable to that of the scenario. In this scenario, all UEs were assumed to have
an exact height of 1 m above ground level, allowing them to operate under optimal
conditions. Consequently, all UEs were expected to use ECL0 with the highest MCS,
resulting in the fastest data rates. The second scenario was designed to be more
realistic, with 20% of the deployed UEs located 1.5 m underground, representing
deep-indoor conditions. It was anticipated that most of these devices would fall into
ECL1, which is characterized by a lower MCS and increased repetitions.
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In both instances, the simulation duration was consistent, ranging from 15 to
30 min, depending on the number of devices used. This time frame is fixed, consid-
ering the time required for all UEs to connect to the network and send a message
of 64 B in size. To minimize the overhead from transmission on higher layers, we
chose UDP because it provides connectionless communication. The message size
of 64 B is determined by EDT communication, which can transmit only a limited
amount of data with reduced signaling. We evaluated the performance of the EDT

by comparing it with the remaining UP and CP optimizations.

5.3.1 Simulator Parameters

To obtain optimal realism in our study, we employed the parameters from the
LENA-NB framework, which was derived from a genuine NB-IoT network in Ger-
many, in conjunction with our observations from the Vodafone network available in
the Czech Republic. The comprehensive list of parameters for all three ECLs can
be located in Table [5.4l

Tab. 5.4: Simulator radio resource configuration [151].

Parameter ECLO | ECL1 | ECL2
RSRP Threshold [dBm] - -110 -133
Periodicity [ms] 320 640 2560
— Subcarriers Offset 36 24 12
2 Subcarriers Number 12 12 12
& MSG3 Range Start 2/3 | 2/3 | 2/3
~ Max Preamble Attempts 10 10 10
Repetitions Per Pream. Att. 1 8 32
% Repetitions Number 8 64 512
8 Start Subframe 2 1.5 4
% Starting Subframe Offset 0 0 0

5.3.2 Results and Discussion

We derived two sets of outcomes from our simulation scenarios: one using exclusively
ECLO, and another employing a mixture of 90% ECLO and 10% ECLI1. It’s worth
noting that both these scenarios incorporate transmission delay, RAP delay, and

collision frequency.
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Transmission Delay

Considering the transmission delay, it is evident that the EDT method provides at
least a 50% reduction compared with both UP and CP optimizations, as illustrated
simulation-based results in Figs. and The height of the bars represents
the average value, whereas the top and bottom edges of the error line indicate the
85th and 15th percentiles, respectively. It is important to note that the impact of
CP optimization on transmission delay is minimal, improving it by approximately
10 — 20ms. However, this outcome is expected because the only difference between
the two optimizations is that the CP data are transmitted in MSG 5, which is sent
in RRC Connection Resume Complete. In contrast, the UP data are sent after

acknowledgment of this message.
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Fig. 5.24: Transmission delay in first scenario .

It is evident that the transmission delay remains consistent for the first scenario,
even when the number of UEs increases. In contrast, the second scenario experienced
a significant increase in delay values of approximately 60 ms. In addition, the
transmission delay displays a linear relationship with the increase in the number of
users for the UP and CP optimizations. However, for the EDT case, the situation
aligns with that of the first scenario. The most significant observation is that the
presence of only a small number of ECL1 UEs (approximately 10%) can significantly
affect the network performance. Hence, it is crucial to consider this when planning

and evaluating network capacity.

Random Access Delay

The duration of the random access procedure is a crucial factor that affects the
transmission delay. As shown in simulation-based results in Figs. [5.26] and [5.27]
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Fig. 5.25: Transmission delay in second scenario .

EDT accounts for most of the delay in the radio access network.
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Fig. 5.26: Random access delay in first scenario .

When examining the transmission delay results in comparison to the standard
RAP, it becomes apparent that EDT does not yield lower delay times. This trend,
however, was not seen in the UP and CP optimizations. A comparable pattern is
noticeable in both ECL0O and the combined scenarios. Given that the fundamental
mechanism of RAP remains consistent across all three approaches (with EDT po-
tentially utilizing a dedicated pool in NPRACH), there is no apparent reason for
this discrepancy. Therefore, the only plausible explanation for the increased RAP
delay is the high frequency of collisions occurring at the Medium Access Control
(MAC) layer. Although this seems counterintuitive for EDT, subsequent findings
confirmed this hypothesis.
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Number of Collisions

The simulation outcomes corroborated the hypothesis presented in the preceding
section, as demonstrated by the simulation results in Figs. [5.28 and [5.29. To
enhance clarity, both figures employ a logarithmic scale for their respective y axes.

The next interesting finding was that collisions occurred more frequently in the
ECLO pure scenario. This holds true even for the UP and CP optimizations, which
can be attributed to the shorter inter-repetition delays in NPRACH. Since devices

reveal their present/anticipated ECL, the scheduler can rearrange these values in

response to actual network conditions.
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Fig. 5.28: RAP collisions in first sce- Fig. 5.29: RAP collisions in second sce-

nario [3]. nario [3].

In order to study the number of collisions more thoroughly, we created a graph,
as shown in Fig. which illustrates the number of random access procedures and
collisions over time. This was performed using the results from a simulation scenario
with 1,000 users. The results for the number of EDT RAPs showed that there were
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twice the actual number of UEs. This finding is logical, as it explains the increased

number of collisions that lead to longer RAP times. However, it is unclear why twice

the number of RAPs is necessary.
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Fig. 5.30: Number of RAPs and collisions over time [3].

Our subsequent examination of the MAC layer logs revealed that each UE un-
derwent a second RAP about 30 ms after successful UL transmission. Interestingly,
this RAP was not accompanied by UL message transmission. The reason for this
behavior remained unclear until we inspected the DL transmission. In TBS settings
according to Release 13, the EDT message can fill the entire TB, which is 1,000 bits
(NPUSCH) for UL and 680 bits (NPDSCH) for DL. The need for an additional RAP
became evident when considering our 64 B UDP payload, echoed back to the UE
from the remote server. Combining a 64 B user payload with an 8 B UDP header
and at least 20 B from the IP header exceeded the maximum TB size with a 57 B
user payload. Our 64 B message necessitated a TB larger than 736 bits.

Extending the maximum TB to 2536 bits in Release 14 eliminates the need
for an additional RAP. However, in this study, we present the results from the
default configuration of the LENA-NB modules to highlight that even an improper
network configuration can have severe consequences on its performance. This is
also important for real-world deployments, as network operators often select specific

parts of newer NB-IoT releases based on their potential benefits and deployment

costs.
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5.4 Summary

This chapter addressed RQ 3 by focusing on the modeling and optimization of
single-RAT 5G IoT solutions for smart-grid applications, specifically using NB-IoT.
The first section presented a Markov chain model for NB-IoT smart metering
traffic. This model accounted for both stochastic and regular traffic types, reflecting
the diverse nature of data transmission in smart-grids as described in Chapter [3]

The proposed model in the first section reveals the stability region for up to
72 x 10* conventional NB-IoT UEs per NB-IoT cell (using sectoral antenna) and
9x10? UEs requiring permanent connectivity. It has been observed that conventional
traffic does not have a substantial impact on the delay experienced by UEs that
require uninterrupted connectivity. On the other hand, the average delay behavior
of both types of traffic is primarily influenced by the number of Type I UEs and
remains unaffected by the cycle time A.

The results indicate that delay performance of 10 s specified in ITU-R M.2410
is met for conventional UEs even under a high number of permanently connected
UEs reaching 10%. However, both delay bounds of 2 s and 10 s for the latter UEs
is violated, even for 10? permanently connected UEs, necessitating a redesign of
the NB-IoT channel access mechanism or increasing the available resources. As
observed, the final analysis considering the extension of deployment to 3 RBs proved
that the delay requirements of 2 s are met for up to 240 UEs with regular traffic
providing a solution and answer to RQ3 and performance enhancement as compared
to the results from testing of 200 UEs in Chapter [ In general, the emergence of
UEs requiring permanent connectivity raises doubts about the suitability of NB-IoT
technology for 5G mMTC in its present state.

The second section introduced a simpler model focused on optimizing the spread-
ing of regular UEs messages considering 15 minute reading intervals. The analysis
showed that optimizing the spreading intervals can lead to better load distribution
and reduced congestion, improving overall network efficiency. For example, an op-
timal spreading interval of around 7.5 minutes was found to minimize the delay for
Type I messages under certain traffic conditions. This model is particularly rele-
vant for scenarios where rapid deployment and immediate performance gains are
required. We introduced the concept of a spreading interval to optimize the mean
delay performance of regular traffic, and utilized our model to determine the optimal
values for this interval, resulting in minimal delays for regular traffic.

Our findings in the second section suggest that the number of UEs that generate
regular traffic has a substantial impact on the average delay for both types of traffic.
However, the practical values of conventional sporadic traffic do not appear to have

a discernible influence on regular traffic. Moreover, the optimal spreading intervals
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significantly reduce the delay associated with regular traffic. The optimal values for
this interval and the corresponding ideal delay for the regular traffic type depend
linearly on the number of UEs that generate regular traffic. This method allows
the determination of the maximum number of Type I UEs that can be supported
at an NB-IoT base station given a specific level of delay guarantee. With respect
to the requirements defined in Chapter |3 the optimal 71 message spreading interval
is approximately 5 s for less than 500 Type I UEs considering 15 min message
periods. This approach showed that even the effective spreading of messages within
the reading period could optimize the currently deployed NB-IoT network, so it
meets the 2 s delay requirement. This provides a solution and answer to RQ3.

The third section explored future optimization strategies that leverage advanced
features not yet deployed in current NB-IoT systems, notably EDT defined in 3GPP
Release 15. This strategy aim at addressing the limitations of existing implementa-
tions and preparing for future advancements in 5G technology.

By utilizing EDT, we can effectively decrease transmission delay and enhance
spectrum efficiency with minimal overhead. Our findings indicate that even with
our unfortunate message size selection, the transmission delay is reduced by over
50%. This highlights the significant improvement in latency provided by EDT,
particularly for smaller messages in Release 13, which have a size of less than 97 B
in the UL and 57 B in the DL. For larger messages, the payload may be segmented or
a standard RRC procedure may be initiated, resulting in reduced spectral efficiency.
On the other hand, when the predefined TBS for EDT is overestimated, a substantial
amount of padding data is transmitted.

It is important to recognize that an NB-IoT network has the ability to efficiently
manage 1,000 UEs within a 15 min window, even with fundamental UP optimization.
Additionally, there is a substantial buffer available to accommodate thousands of
devices distributed between 90% and 10% for ECLO and ECL1, respectively.

The results of the simulation highlight the significance of configuring the network
correctly, as demonstrated by the doubling of RAP collisions when transmitting a
flawless 64-byte message with EDT. This section can act as a guide for network
operators to attain peak network capacity and optimal spectrum efficiency.

In conclusion, Chapter [5| successfully addressed RQ 3 by developing and vali-
dating models and optimization techniques for NB-IoT in smart-grid applications.
The 2-dimensional Markov chain model provided a detailed framework for under-
standing and improving traffic management, while the simpler spreading interval
optimization offered practical solutions for immediate deployment. Additionally,
the exploration of future optimization strategies underscores the ongoing potential

for enhancing NB-IoT performance in the evolving landscape of 5G IoT.
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6 Reliability Improvements for 5G loT En-
abled Smart-Grids

This chapter provides a comprehensive comparative analysis and performance evalu-
ation of NB-IoT and eMTC technologies, focusing on their applicability and optimal
load balancing in smart-grid environments, thus addressing communication reliabil-
ity issues. Building on the theoretical foundations and requirements defined in
Chapters [2] and [3] and the optimization needs highlighted in Chapter [, this chapter
addresses RQ4.

The increasing integration of IoT devices in energy grids necessitates robust com-
munication networks capable of handling diverse and demanding requirements. Both
NB-IoT and eMTC offer distinct advantages in terms of coverage, power efficiency,
and cost-effectiveness. However, understanding their performance under various
conditions is essential for informed decision-making and effective deployment.

The primary objectives of this chapter are to provide practical recommendations
for optimal load balancing between NB-IoT and eMTC in smart-grid applications
based on empirical data. Furthermore, exploring future enhancements necessary for

the synergetic combination of these technologies in Multi-RAT deployments.

6.1 Load-Balancing Optimization of NB-loT and eMTC

for Permanently Connected Smart Meters

Our framework for the optimal association of Multi-RAT EDs is developed based
on the results of the stress test described in Section 4.2l This framework employs
stochastic geometry and Markov chains to account for the spatial and random access
specifics of the system, considering the timing and batch traffic patterns of EDs
operating in polling mode for both NB-IoT and eMTC. Using this framework, we
are able to evaluate the best strategies for ED association in order to minimize access
delay at the radio interface.

To enhance the productivity of Multi-RAT implementations, we propose a method
for selecting the most suitable RAT for each device to balance the workload between
the NB-IoT and eMTC connections. Our algorithm was designed to handle two sce-
narios: (i) purely stochastic message arrivals, and (ii) batch arrivals. The latter
could be caused by polling mode operations or power outages, and has been shown
to negatively impact system performance, as detailed in [49]. Our approach begins
with a description of the system model and assumptions, followed by a detailed

explanation of the proposed method. We utilized the mean delay as the KPI.
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6.1.1 System Model
NB-loT and eMTC RA

The process of establishing initial network connectivity in eMTC technology is il-
lustrated in Fig. This method focuses on increasing access retry attempts to
expand the coverage range of contemporary cellular communication systems. The
main goal is to achieve UL synchronization and gain authorization to connect. To
accomplish this, the ED interprets a fundamental configuration block, known as
SIB2, transmitted by the BS. This block contains crucial parameters such as sig-
nal strength, carrier frequency, and configurations for PUCCH and PUSCH. Using
these details, the ED chooses and sends a RA preamble, referred to as Msgl. If
multiple EDs select the same preamble, resulting in a collision, the access resolution
fails. Conversely, if no more than one ED picks a given preamble, the access reso-
lution succeeds, and the BS allocates resources to the ED in the PUSCH through
the RA response (Msg2). Subsequently, the ED transmits an RRC Connection Re-
quest Message to the BS (Msg3), followed by the BS sending a contention resolution
message (Msg4) in response.

A timing diagram for the NB-IoT RAP is shown in Fig. . The process be-
gins with the ED detecting the NB-IoT carrier by assessing the strength of received
synchronization signals in the DL. It then achieves time and frequency synchro-
nization and decodes the BS identifier (Cell ID). Subsequently, the ED decodes
the NPBCH, which contains the MIB. Following synchronization, the ED sets up
NPRACH resources and initiates UL preamble transmissions based on network con-
figurations, ensuring adequate repetitions and transmission power. The NB-IoT
protocol mandates a minimum of 12 out of 48 available orthogonal preambles (refer
to Table . The final stage involves data transfer, which starts on NPDCCH, used
for transmitting DL control information. This signal can be repeated between 1 and
2,048 times. Table outlines the primary features of the LPWAN technologies
under consideration, while Table presents the main parameters for the system

model in this study, derived from the initial phase of the measurement campaign
detailed in Chapter [4]

Considered Scenario and Assumptions

To describe the proposed system, we introduce several assumptions. We posit the
existence of multiple RAT EDs, denoted by U, capable of utilizing both NB-IoT
and eMTC technologies. We also assume the presence of only two BSs providing
coverage: BS; for NB-IoT and BS, for eMTC. While each ED in set U can access

either BS, it must select only one. The primary objective is to determine the opti-
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Timing diagrams for the random access procedures of NB-IoT and

Fig. 6.1:
eMTC [1].

Tab. 6.1: Comparison of key random access and delay parameters of NB-IoT and

eMTC in ECLO according to 3GPP Release 13.
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mal distribution of EDs between the NB-IoT and eMTC BSs (subsets U; and Us,

respectively) to minimize the average access delay.

An ALOHA-based multi-channel random multiple access system can be used to

121



describe RAPs for both NB-IoT and eMTC systems, as shown in [142]. Several
assumptions have been made in this regard.

e Assumption 1: Preambles and slots. BS; and BS, are related to random
multiple access channels, named [; and [, representing the preambles. The
channel transmission time is divided into equal slots. The durations of each
slot are t,,; and t, 9 for BS; and BS,, respectively. The slot with index ¢ is
referred to as slot t. The ED cannot send a message until the start of the next
window.

o Assumption 2: Feasible event in a single slot. Three possible scenarios can
occur in a slot:

— One ED (emergency department) sends information during the slot: de-
noted as S (success).

— No EDs send information during the slot: denoted as E (empty).

— Two or more EDs send information simultaneously during the slot: de-
noted as C' (collision).

o Assumption 3: Transmission probability. Through observation of the channel
output at the end of the slot, the BS gains knowledge of the event that occurred
during the slot for all EDs. The BS then communicates this information to the
EDs through a dedicated signaling channel. When EDs have messages to send,
they use this information to decide whether to transmit a message based on
the probability P, = min(1,1/N;), where NN, is the number of active EDs at the
beginning of slot ¢ and [ is the number of preambles. This algorithm has been
proven optimal in terms of mean delay, as demonstrated by Galinina [142].

o Assumption 4: Ideal coverage. Based on the assumption, the coverage areas
of the NB-IoT and eMTC base stations are expected to be adequate enough
to minimize data losses resulting from the weak signal reception.

o Assumption 5: Arrival models. We evaluated two models for message delivery:
(i) periodic polling of EDs and (ii) random activity among EDs.

— Periodic polling. The system employs a model that features periodic
polling of EDs with a total of M EDs. At regular intervals of A units
of time, a new message for transmission is simultaneously presented to
all EDs. Upon generating the message, each ED attempts to relay it to
the BS. If an ED fails to transmit a message before a new one appears,
the untransmitted message is discarded. The two key parameters of the
model are the number of EDs (M) and length of the polling period (A).
The objective is to allocate EDs M; and M; to BS; and BSs, respectively,
in order to minimize the average access delay.

— Random ED activity. A model featuring a random ED activity can po-

tentially have an endless number of EDs. The message arrival process
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was modeled using a homogeneous Poisson process with an intensity of
A. Each event in this process corresponds to a new ED that is available to
transmit a message. Then, the ED attempts to send messages to the BS.
Once transmission is successful, the ED leaves the system. Therefore,
the model with random ED activity is entirely determined by a single
parameter, namely, the intensity of the input stream, A. In this scenario,
the objective is to divide the intensity A into two separate intensities, Ay
and Ay, for BS; and BS,, respectively, in order to minimize the average
waiting time.
o Assumption 6. We assume that the time interval between the polling of EDs
is sufficient such that by the end of the polling period, no active EDs remain.
This is applicable to the model with periodic polling of EDs.
To compare the two models mentioned earlier, we assume that the average num-
ber of messages received by the system per unit time is equal, which is represented
by the equation A = M/A.

6.1.2 Multi-RAT Association Method
The Mean Delay for the Random Activity Model

A model with random ED activity can be represented using a Markov chain { Ny, ¢ > 0},
where N; denotes the number of EDs that possess a message that is ready for trans-
mission. This is demonstrated in Section [5.2] The transition probabilities of this
model are expressed as follows:

l A;n—(i—j)

pij =p{j it =)

m X 67)\2PT'{T =m | Z}, (61)
m=max(0,i—j) ’

where m denotes the number of messages that are successfully transmitted.

Note that the lower bound of m in Equation is defined as max(0,7 — j), as
it signifies the number of new active EDs entering the system. The upper bound
of the sum is determined by [, which represents the maximum number of messages
that can be transmitted in a single slot over available orthogonal channels. When
conducting practical calculations, the number of rows and columns of Markov chain
transition probability matrix can be truncated to a sufficiently large value such as
M + L. Here, L., represents the chosen value, which means that the sum of
the elements in the first row is approximately equal to 1 with a specified level of
precision.

The method for calculating the mean delay for this model is based on calculating
the number of active EDs at time t — IV;. To this aim, we utilize the transition prob-
ability matrix P(\) of {IV;,¢ > 0}, which is fully determined by A\. Let D represent
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a random variable that indicates the number of time slots between when a mes-
sage is generated and when it is successfully transmitted. The following algorithm
establishes the relationship between delay and the arrival rate, expressed as d(\):
o Step 1. For a fixed value of A < le™!, utilize P(\) to obtain the stationary
state distribution of { N, ¢t > 0}

P\) -7 = (7‘(‘0, .. .W"_l) . (6.2)

o Step 2. Based on the stationary state distribution, calculate the mean number

of EDs in the system as

BN = 2 i (6.3)
o Step 3. Calculate d(\)
L »

Considering the duration of the slot, the mean delay is given by the
T<A) = d<Atw>tw + tsyn + tdata- (65)

To ascertain the optimal number of EDs associated with NB-IoT and eMTC
technologies, it is crucial to determine the intensities A; and Ay, A1 + Ay = A of the
Poisson arrival process, in order to minimize the mean delay. This can be achieved
by solving the following optimization problem:

maX(Tl (Al)a TQ(AQ)) — min

Thus, the equality 71 (A1) = 72(A2) that holds for the optimal distribution of EDs

between the two technologies is straightforward. After obtaining d;(\) and dg(A) for

both technologies using equation (6.4)), the solution to equation can be easily
obtained by numerically solving the following equation

ts1 + di(Arty1)tws +ta1 =tso + do(Aaty o)t + tas, (6.7)
with the following conditions
Ay Ay = A,

Aty < lie™, (6.8)

Agth < lgeil .

It should be noted that according to constraint , the Markov chain char-
acterizing a system exhibiting random ED activity is ergodic. Consequently, it is

possible to precisely determine the functions d;(A) and do () for this type of system.
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The Mean Delay for the Polling Model

The three methods for calculating the mean delay of a model with periodic polling
of EDs vary in terms of accuracy and complexity.

The first approach is an exact method that employs the Markov model presented
in Section [5.2] This Markov chain represents the number of active EDs at time ¢,
assuming that M EDs with the measure for transmission arrive in the system at
the polling time instant. The dimension of the matrix for this Markov chain is
(M + 1) x (M + 1), and the transition probabilities are calculated in a manner
similar to that in Subsection but for A = 0. We refer to this matrix as P(0).

The following algorithm establishes the relationship among B, M, and ¢, rep-
resented by b(M,0). B is a random variable that describes the number of slots
between the polling time instant and the time when it is successfully delivered to
the BS, whereas 6 = A/t,, represents the number of slots in the polling period. The
algorithm consists of four steps.

e Step 1. Form the initial state vector:
po = (0,0,...1). (6.9)

o Step 2. For t = 1,2,...0 calculate the probability mass function (pmf) of the

number of active EDs in slot ¢
Pry1 = PP (0). (6.10)

e Step 3. Fort =1,2,...0 calculate the mean number of active EDs in the slot

t as
n—1 )
E[N] =Y ip}". (6.11)
=0
o Step 4. Calculate b(M,J) as
5 L E[N]
M, o) = . A2

The time it takes for a message to be delivered to the BS from the polling time
instant is calculated in a similar manner to the model with random ED activity,
but without considering the synchronization time because all EDs are in the RRC

connected state. This is expressed by the equation
T(M,A) = b(M, A)/t,)tw + taata- (6.13)

The method described previously is computationally demanding owing to the

large transition probability matrices that determine the number of active EDs in
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slot £. To address this issue, we propose an alternative approach that utilizes a
recursive equation to capture the gradual transitions of EDs from an active state
to a state without messages ready for transmission. This approach allows for an
approximate calculation of the mean delay using the recursive formula for the average

number of active EDs

E[Nt_;,_l] = E[Nt] — max

R P P EA[Nt]fl
0, LBV (1 - ;) , (6.14)

where * denotes the approximation P, = min(1,/N;), and the number of active EDs
in the first slot is E[Ny] = M.

The approximation in Equation can be summarized as follows. At each
time moment ¢ and for each channel ¢ = 0,1,...,[, messages can be successfully
transmitted. Therefore, the second term is the maximum between 0 and the output
flow intensity. The output flow rate was determined by multiplying the probability
of successfully transmitting a message over [ channels by P,. Dividing this by [ pro-
vides the probability of successfully transmitting a single message. The first factor
represents the probability that one of the N; active EDs chooses one of | channels.
The second multiplier with power E[Nt] — 1 determines the probability of all possible
events when the EDs do not transmit on a given channel. In addition, the mean
delay is calculated using Equation [6.12

Neither of the methods discussed previously offer a direct, closed-form solution

for the mean delay, which is a useful feature for practical applications. To address

this, we propose an approximation for (6.14]) as (6.15)

E[Ny] = (é[zvt] - ze—l) I (E[Nt] > ze—l) , (6.15)

where * denotes an additional approximation of the number of active EDs in the
system at time slot ¢.

The primary objective of this method is to use an indicator function instead
of the second multiplier in Equation (6.14)). This strategy allows for a more rapid
calculation of the average number of active EDs, which is useful when dealing with
large time intervals between batch arrivals to the system, as opposed to using the
Markov model and Equation (6.14]).

As shown in , all EDs vacate the system within the time frame of e=!. This
results in the following approximate representation for b(M, ¢)

2 M/2le™! it M/le7t >4,
b(M, 5) = (6.16)
M/lemt —§/2 otherwise.
To demonstrate the precision of the methods discussed, the graph in Fig. 6.2

depicts the change in the average number of active emergency department personnel
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over time, obtained through the following techniques: (i) computer modeling, (ii)
employing the Markov chain method via equations (6.9)—(6.11]), (iii) an estimate
based on the repeating equation , and (iv) a closed-form approximation based
on equation . It is evident from the graph that all approaches examined are

consistent with the simulation results.
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Fig. 6.2: The mean number of active EDs in the system [1].

To find the best distribution of the number of NB-IoT and eMTC technologies,
My and M, such that M; + My = M, one must solve the following optimization

problem

maX(Tl (Ml, A)7 TQ(MQ, A)) — min

We find that the equality 71 (M;) = 72(Mz) holds true for the optimal values of
M, and M;. Consequently, once by (M, 0) and be(Ms, 0) are obtained using equation
(6.16)), the problem simplifies to solving the numerical equation

b (M, Aftwa)tw +tag = ba(Ma, Aty 2)tws + tag, (6.18)
subject to the following conditions

M1 + M2 == M,
My/(lie™) < AJty, (6.19)
Mg/(lgtﬁil) < A/twg.

Note that under the constraints defined in Equation (6.19)), all EDs will suc-
cessfully transmit their messages by the end of the polling period A. To further
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simplify the analysis, instead of using the precise values of by (M, ) and by(Ms, J),
we can rely on estimates based on Equation (6.16]) and obtain explicit solutions. To
illustrate this point, consider scenarios where M; /lije™! < § and M — M, /lse™ < 4.

In these cases, the delays are primarily caused by

M, +t
T = w )
1 e 1 1 d,1
M — M,
= — 1, tqo. 6.20
71 T + ta2 (6.20)

In order to calculate M, the following equation must be solved:
My bty =
2[16_1 w,l 41— 2[26_1

provided that (6.19) is met.

The solution for equation (6.21f) is expressed as follows

Lo +tqo. (6.21)

B Mlltw’g + l1126_1<td72 — td71)
Litwo + bty '

M, (6.22)

At the optimal point, the delay for both technologies is the same and is equal to

S Mty + lilse ™ (tao — ta1)
0~ (lltw,Q + lztw’1>2116_1

tw1+ta1. (6.23)

6.1.3 Numerical Results

This section presents our numerical results. We examine the optimal allocation of
EDs between NB-IoT and eMTC technologies for both random ED activity and
polling models. Our findings are compared with computer simulation outcomes.
Furthermore, we illustrate how the optimal distribution varies with the number
of EDs in the system and showcase the optimal message delay. The numerical
evaluation utilizes standard NB-IoT and eMTC parameters outlined in Table [6.1]
Our investigation begins by examining the optimal distribution of EDs between
NB-IoT and eMTC technologies. To achieve this, we use computer simulations, the
Markov model specified by Equations f, and a closed-form approximation
in Equation (6.15). The upper axis of the graph in Fig. [6.3(a)] shows the number of
EDs associated with the eMTC technology, M, while the lower axis shows the num-
ber of EDs associated with the NB-IoT technology, M;. From this analysis, we can
see that the approximation in equation provides an accurate representation of
the mean delay experienced by messages for both technologies across a wide range
of numbers of EDs in the system. This aligns with the time-dependent evolution of

the number of EDs in the system after the polling time instant, as shown in Fig. [6.2]
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Examination of Fig. |6.3(a)| indicates a convergence point between NB-IoT and
eMTC technologies. The lower and upper sections of the x axes display the distribu-
tion of EDs (from a total of 1,000) that should be allocated to each technology. The
observed distribution was roughly 180:820, with NB-IoT having 24 preambles and
eMTC having 36. For this ED allocation, message delays were approximately 700 ms,
which is considerably less than the 10 s threshold outlined in ITU-R M.2410 [24]
and aligns with the 2 s limit established in Chapter [3] for which even distribution of
500:500 EDs satisfies this given constraint. It’s worth noting that this distribution
is also influenced by the timing characteristics of each technology (see Table .

Examine the graph depicting a model with random ED activity, where message
arrivals follow a Poisson process. Fig. [6.3(b)| illustrates an overall intensity A of
1,000 EDs surveyed every quarter-hour. Analysis of the data revealed no intersec-
tion point indicating an optimal distribution of EDs between the technologies under
consideration. The delay associated with eMTC technology is notably shorter than
that of NB-IoT, which can be attributed to two factors. Firstly, eMTC offers a
substantially larger selection of preambles for EDs compared to NB-IoT. More cru-
cially, EDs in random activity mode must first achieve RRC connected state before
transmitting a random preamble. For NB-IoT, this process takes significantly longer
than for eMTC (refer to Table . These parameters are explicitly incorporated in
equations and , respectively. The impact of this timing difference is sub-
stantial and overshadows the effect of available preamble quantity. Even when the
number of preambles for NB-IoT was increased to impractical levels (36 and subse-
quently 48), eMTC alone still demonstrated superior performance compared to the
combination of these technologies. Consequently, the implementation of Multi-RAT
EDs is advisable only when eMTC technology reaches complete overload.

Following the identification of the model’s optimal point using periodic ED
polling, we evaluated the ideal number of EDs that should be linked to NB-IoT and
eMTC technologies. We also analyzed their proportions and average delays associ-
ated with the optimal ED distribution. To achieve this, both analytical modeling
and simulation-based evaluation were employed. The analytical results, utilizing
equations and , provide theoretical predictions for the optimal ED distri-
bution, while simulation results validate these findings under practical conditions.

We started by investigating the optimal fraction of EDs connected to eMTC
technology in relation to the total number of EDs in the system, using a 15-minute
polling interval, as shown in Fig. [6.4] The results indicate that as the quantity of
active EDs grows, there is a corresponding linear increase in the number of EDs
that need to be linked to eMTC technology. In contrast, the proportion of EDs that
should be associated with eMTC technology exhibits a nonlinear decrease as the

total number of EDs rises.
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Fig. 6.3: Optimal association point for the two models considered .

The numerical analysis in this research unveiled the correlation between the
optimal allocation of EDs across various technologies and the resulting delay. As
illustrated in Fig. [6.5] the delay initially remains minimal. However, as the quan-
tity of simultaneously polled EDs increased, the delay exhibited a linear growth.
Comparing the outcomes presented in Fig. with those detailed in Section [5.2 it
becomes evident that the optimized use of Multi-RAT EDs enables a substantial in-
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Fig. 6.4: Optimal number and fraction of EDs at eMTC for polling model .

crease in the number of supported EDs operating in polling-based mode, compared

to a single NB-IoT interface. Notably, for 1,000 EDs, the average delay for a single

NB-IoT technology exceeded 10 s, which fails to meet the minimum requirements
outlined in ITU-R M.2410 . In contrast, our study demonstrated that even with
5,000 EDs, the average delay remained under 3 s, and 3,000 EDs still satisfied the

2 s requirement specified in Chapter [3| These improvements surpass linear gains, as

the average delay escalates more rapidly than a linear function (refer to Fig. [6.3)).
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Fig. 6.5: Delay related to the optimal deployment of EDs [1].

6.2 Summary

This chapter addressed RQ4 by conducting a comparative analysis and performance

evaluation of NB-IoT and eMTC for smart-grid applications. To improve the de-

pendability of mMTC communication technologies, a theoretical model and corre-

sponding algorithm were developed to balance the traffic load between NB-IoT and

131



eMTC with the aim of minimizing the mean access delay, and primarily to increase
communication reliability. The results show that optimizing the use of Multi-RAT
EDs substantially boosts the quantity of EDs functioning in polling-based mode.
When over 500 EDs employ single eMTC technology, the average access delay sur-
passes two seconds, which is incompatible with smart-grid application requirements.
In contrast, Multi-RAT EDs implementing the newly developed algorithm improve
service capacity by a factor of six (accommodating up to 3,000 EDs) while still
meeting the two-second latency threshold.

The key takeaways can be summarized as follows:

o Theoretical frameworks and a closed-form solution facilitate optimal linkages
to Multi-RAT EDs using NB-IoT and eMTC systems, considering the sched-
uled polling and random activity of EDs in terms of average access delays. The
framework includes several elements: the NB-IoT and eMTC base station, a
group of EDs with BS access, a defined quantity of preambles and time slots,
the likelihood of transmission under ideal coverage conditions, and two arrival
patterns: (i) periodic polling of EDs and (ii) spontaneous ED activity.

» Observations: (i) An optimal balance in load distribution between NB-IoT and
eMTC technologies can always be achieved when operating within standard
parameter values in a RRC connected state. (ii) For EDs with purely random
arrivals, which typically alternate between idle and connected states, eMTC is
consistently the preferred technology. NB-IoT should only be employed when
eMTC reaches full capacity. (iii) The optimized use of Multi-RAT EDs can
support up to six times more EDs in polling-based mode compared to a single
NB-IoT system.

Chapter [6] successfully answered RQ4. The findings demonstrate that eMTC
should be the primary technology for smart-grid applications due to its superior
performance in terms of data rates, latency, and reliability. NB-IoT, while not as
performant, provides significant benefits in terms of coverage and power efficiency,
making it an ideal backup in a Multi-RAT system. The optimal load balancing
strategy proposed ensures efficient handling of diverse traffic types and enhances
overall network resilience. The results from this chapter, in relation to the observa-
tions in Chapter 4 demonstrate potential for real-world enhancements through the

implementation of the proposed method in both EDs and the network.
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7 Conclusions and future steps

This chapter provides a comprehensive overview of the key results and discoveries
that emerged from the research while also examining their relevance in light of

existing knowledge. This chapter also provides possible paths for future research.

7.1 Summary of doctoral thesis outcomes

The shift from communication networks designed for human connectivity to industry-
driven scenarios has led to the emergence of 5G mMTC technologies, which require
reevaluation of how devices interact with networks. This transition from legacy IoT
use cases, which followed irregular traffic patterns, to new applications demanding
permanent connectivity presents challenges, even for Mobile IoT or LPWAN tech-
nologies, such as NB-IoT and LTE-M, also known as eMTC, which were initially
designed for sporadic communication. Among the emerging use cases, smart-grids
stand out, driven by requirements such as permanent connectivity, guaranteed bit
rates, and substantial data transmission, all of which are further motivated by the
European Parliament Directive 2019/944 mandating smart meter deployments start-
ing in 2024. As utilities seek long-term reliability and resilience in communication
networks, these new demands push telco operators to adapt their offerings to support
AMI and to meet the evolving needs of smart-grid applications.

Based on these facts and requirements, this doctoral thesis aims to propose a
solution to cover smart-grid requirements by deploying mMTC technologies NB-IoT
and eMTC that are identified as capable of the task. Both technologies have proven
sustainable as they continue to evolve, even in 5G networks, as 5G IoT technologies.
The aim of this thesis is not only to propose a technology, but also to enhance
communication reliability and service provision, as both technologies are unable
to meet all the requirements in every situation. These proposals have not been
sufficiently covered by the research community and thus could greatly benefit both
researchers and the industry in upcoming and future smart meter deployments.

Gaining a deep understanding of the evolution and capabilities of mMTC tech-
nologies is crucial for suggesting dependable solutions for emerging use cases that
have specific demands, such as smart metering and other industrial applications.
Therefore, the first part of this thesis provides a comprehensive overview of poten-
tial solutions, taking into account the evolution of mobile IoT technologies, primarily
NB-IoT and eMTC, and examines the advantages of employing these technologies
in the aforementioned sectors, with a focus on smart-grid requirements and ex-
pectations. Afterward, extensive measurements were carried out to investigate the

performance of both technologies under ideal conditions and network congestion in
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the RAN. Based on the results of these measurements, and considering the future
technological advancements of both technologies, mathematical models and simu-
lations were developed. These were designed to (i) decrease communication delay
on a single interface, taking into account both stochastic and regular traffic types
generated by traditional sensors and smart meters, and (ii) enhance communica-
tion reliability and decrease congestion by deploying multiple RATs of NB-IoT and
eMTC with optimized load balancing.

A summary of the research outcomes obtained by answering the research ques-
tions formulated in Section [1.2] are provided at the end of each Chapter, that is in
Sections 3.4 4.3 5.4 and [6.2 The following list summarizes key findings and
primary observations to illustrate how this thesis fulfills the established research
objectives.

o Comprehensive overview of Mobile IoT technologies, focusing on the evolu-
tion and deployment of NB-IoT and eMTC for smart-grid applications. The
chapters also highlighted the challenges and specific requirements for AMI
deployments in the Czech Republic and the broader European context.

o Measurement campaigns were conducted to evaluate the performance of tech-
nologies NB-IoT and eMTC under various network conditions. The results
showed that NB-IoT generally had better signal coverage than eMTC, with
an approximate 15 dB difference in RSRP. However, NB-IoT did not meet
the smart-grid requirements of guaranteed 11 kbps and 2 s communication
delay at RSRP levels above ECLO, whereas eMTC was able to do so until its
operational limits. The choice between these technologies depends on the spe-
cific use cases: NB-IoT is better for battery-powered devices under poor radio
conditions with low traffic requirements, whereas eMTC is more suitable for
high-traffic, low-latency applications. The study found that eMTC is ideal for
use as the primary interface for smart-grid applications, whereas NB-IoT can
serve as a backup link. The second phase of the campaign’s stress test demon-
strated that the NB-IoT struggles with burst traffic typical of smart-grids,
further confirming that eMTC is the preferred option.

e Developed a generalized Markov chain model tailored specifically for NB-IoT
traffic, with the aim of optimizing the coexistence of stochastic and regular
traffic. The proposed solution demonstrated that model for the NB-IoT net-
work can remain stable for up to 72 x 10* conventional UEs per cell (using a
sectoral antenna) and 9 x 10° UEs requiring permanent, connectivity. While
permanently connected UEs have a linear impact on their delay performance,
they significantly affect the conventional UEs. The ITU-R M.2410 delay per-
formance requirement of 10 s was met for the conventional UEs, even with

up to 10% permanently connected UEs. However, the delay for permanently
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connected UEs exceeded acceptable levels of 2 s defined by smart-grids even
with 100 such UEs, indicating a need to redesign the NB-IoT channel access
mechanism or increase the available resources. Simulations showed that ex-
tending the deployment to three RBs met the 2 s delay requirement for up
to 240 UEs with regular traffic. This finding raises questions regarding the
suitability of the current NB-IoT technology for 5G mMTC, particularly for
UEs requiring uninterrupted connectivity.

Introduced a streamlined model that focuses on optimizing the dissemination
of routine UE messages, considering reading intervals of 15 min. The analysis
revealed an optimal spreading interval of approximately 7.5 min the delay for
Type I messages under specific traffic conditions. This approach is essential in
situations that require swift deployment and immediate performance improve-
ments. The results showed that the optimal spreading interval substantially
reduces the delay, and this interval, along with the corresponding ideal delay
for routine traffic, depends linearly on the number of UEs generating regular
traffic. For instance, with fewer than 500 Type I UEs, an optimal message
spreading interval of approximately 5 s could meet the existing 2 s delay re-
quirement in NB-IoT networks that are currently in use.

Examined EDT strategies in NB-IoT to decrease delays, particularly under
heavy network traffic. By employing the EDT, transmission delays were re-
duced by more than 50%, significantly enhancing the spectrum efficiency with
minimal added overhead. This improvement was especially noticeable for
smaller messages that were less than 97 B in size in the UL and 57 B in size
in the DL. NB-IoT networks demonstrated their ability to effectively manage
103 UEs within a 15 min window, even with basic UP optimization. However,
the correct network configuration is critical, as simulations have shown that
RAP collisions double when transmitting a 64 B message with an EDT. This
emphasizes the importance of proper network tuning to achieve peak capacity
and optimal efficiency.

A study comparing NB-IoT and eMTC for use in smart-grid applications was
conducted, and a Multi-RAT approach for optimal load balancing was pro-
posed. The results showed that distributing 1,000 devices with a ratio of 180
NB-IoT to 820 eMTC devices achieved a delay of approx. 700 ms, and ratio
satisfying the 2-second constraint up until 500 to 500 UEs. Moreover, the re-
sults indicate that up to 3,000 distributed UEs following these ratios maintain
a communication delay of no more than 2 seconds. This is a considerable im-
provement over single-RAT deployments, where delays could exceed 10 s, even
for 1,000 UEs. This chapter emphasizes the advantages of eMTC in handling

data-intensive tasks, while NB-IoT serves as a secondary interface, provid-
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ing better coverage and power efficiency, making the combination suitable for
smart-grid applications.

The primary objective of this thesis is to offer beneficial contributions to both
corporate sector and the research community. By conducting a performance analysis
of the technologies explored, this thesis aims to aid companies in making informed
deployment decisions. Additionally, the research community can use the findings
of this study to gain insights into the optimization of Mobile IoT systems in real-
world situations. The findings of this study suggest that the optimal use of the
NB-IoT, eMTC, or a combination of both is a viable solution for smart meter de-
ployment. This conclusion is not only advantageous for electricity distributors, but
also serves as an essential lesson for them to avoid relying solely on default network

configurations and to carefully optimize communication patterns and parameters.

7.2 Future research orientation

5G-1oT Enhancements for lloT Use Cases Presented by 3GPP Release 16+

In accordance with Chapter [2| the emphasis placed on enhancing connectivity for
industrial purposes in Release 16 is noteworthy. A number of the mentioned features,
such as optimized security, multicast support, grant-free access, and wake-up signals,
offer significant potential for improving RAN operations for demanding use cases,
such as smart-grids with unexpected requirements. By conducting a performance
analysis on these new features, it may be possible to establish optimal parameter
associations for industrial use cases, which could potentially build upon the findings
of this study.

5G-loT Performance Analysis and Optimizations for NTN Deployments

To address the pressing issue of remote connectivity in challenging environments,
the current focus is on NTN support for the 5G-IoT, as outlined in Chapter [2|
At present, trials of the NB-IoT over NTN deployments are underway, with both
industry and academia working diligently to advance this technology. The NB-IoT
pilot is a promising solution owing to its low complexity and narrow bandwidth,
which can be supported by CubeSats. Building on previous research that primarily
focused on the RAN part of terrestrial Mobile IoT, this work could be extended to
include low-orbit satellite coverage and address unsolved problems. However, there
are several challenges associated with handovers between satellites and terrestrial
stations as well as between the satellites themselves. While previous studies have
investigated critical challenges, such as random access, there is a lack of real-world

examples and optimization strategies for deployment [152H154].
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A Currently deployed variants of NB-loT and

eMTC

Tab. A.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 MHz!
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 kbps! HD: 375%bps
0.3 159 kbps? FD: 1'Mbps
DL data rate 0.5-27.2 kbps! HD: 300'%kbps
0.5 127 kbps? FD: 0.8'Mbps
Coverage Level 02 Mode A only
enhancements
(N)PDSCH/.(.N)PUSCH 1-2,048/1-128 1-32/1-32 (Mode A)
repetitions
(N)PRACH rep. 1-128 1-128
(N)PRACH BW 180kHz 1.05 MHz
(N)PRACH TTI [ms] 5.6436.45419.2° 1324536
Category NB2/M2 Yes (NB2)? No (M2)?
Multicast No? No?
CP/UP Optimization CP! UP!
PSM/eDRX Yes! Yes!
NIDD No! No!
VoLTE - No!
OTDOA /E-CID Pos. No? No?
UE Power Class 6 Yes? -
Conn. mode mobility No? Yes!
RAI Yes? Yes?
Relaxed Resel. Mon. No? No?

1 3GPP Rel. 13.

2 3GPP Rel. 14.

3 (N)PRACH format 0.

4 (N)PRACH format1. ° (N)PRACH format2. % PRACH format 3.
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