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Abstract

The 5 generation (5G) mobile communication networks focus on three main technology
pillars as enhanced mobile broadband (eMBB), ultra-reliable and low latency communi-
cations (URLLC), and massive machine type communications (mMTC). Among them,
URLLC and mMTC introduce many novel challenging tasks for system and protocol de-
sign. This is a result of the stringent service requirements associated with URLLC and
the massive number of devices that constitute mMTC. In this dissertation, we investigate
three topics towards enabling mMTC and URLLC in 5G networks as stated below.

The first topic which is the main focus of this dissertation lies in proposing initial
access approaches in URLLC and mMTC scenarios. Initial access plays an essential role
for end device to base station communications. In fourth generation, the grant based
(GB) long term evolution-advanced (LTE-A) random access procedure was adopted for
initial access. However, when a large number of devices compete for scarce radio re-
sources, the LTE-A random access procedure causes higher device collisions resulting in
thereby long latency. The proliferation of devices triggered by massive Internet of things
(mIoT)/mMTC deployments and the stringent access requirements of futuristic applica-
tions further exaggerates this problem. Moreover, mMTC devices typically generate small
packets making the initial control message exchange in LTE-A random access a major bur-
den. As an effort to address these shortcomings in existing initial access procedures, this
dissertation proposes both grant based and grant-free access schemes. The proposed GB
schemes enable both device and resource grouping to give priority access for mMTC de-
vices with URLLC requirements considering a large device population. Meanwhile, the
proposed GF access scheme enables priority access for high priority devices based on a
heterogeneous traffic arrival scenario. A two dimensional Markov model that aggregates
both high and low priority traffic through a pseudo-aggregated process is developed.

Furthermore, prediction of traffic arrivals at a base station is of paramount importance
for successful detection of congestion and to initiate proactive measures to minimize colli-
sions. In reality, a base station only has information about the number of detections which
does not naturally reflect the number of arrivals that caused it. Therefore, as the second
topic, this dissertation presents a machine learning based traffic arrival prediction model
for bursty traffic arrivals in an mMTC scenario. It relies on the detected data at the base
station to learn about actual number of device arrivals and predict the occurrence of a
bursty traffic arrival. Moreover, resource allocation strategies based on the predictions of
the proposed model are also introduced.

On the other hand, 5G networks are envisaged to provide anytime and anywhere
communications. Evaluating the availability and reliability of a network from an end



user perspective appears as a vital component for benchmarking service providers. As
the third topic, this dissertation presents an end user availability evaluation metric and
demonstrates its applicability in a heterogeneous network for a mobile user. The proposed
approach applies a dependability theory perspective for evaluating user availability by
considering factors that deteriorate reliability in both space and time domains.

The performance of the proposed schemes is evaluated through analyses and exten-
sive discrete-event simulations. In a nutshell, we believe that the schemes and analyses
presented in this dissertation will advance the state-of-the-art research within the studied
topics and contribute positively towards solutions for enabling URLLC and mMTC in 5G
NR and beyond 5G networks.
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Chapter 1

Introduction

The rapid evolution of mobile communication technologies facilitates various emerging
applications with high-demanding requirements, paving the way towards a networked
society of human-beings and devices. With each generation of mobile communication
systems, novel technological directions emerge and propelling them requires innovative
approaches in design and implementation of hardware, software, and protocols.

In this chapter, we first present a few fundamental elements that are related to this
dissertation. Thereafter, the main research questions, how these questions are addressed
in the dissertation, and the main contributions are summarized. The chapter also gives
an outline of the thesis organization.

1.1 5G Technology Pillars

The 5™ generation (5G) mobile communication networks introduce three main technol-
ogy pillars or use cases comprising of enhanced mobile broadband (eMBB), ultra-reliable
and low latency communications (URLLC), and massive machine type communications
(mMTC) [1]. The eMBB use case is a natural evolution from the existing 4" generation
(4G) networks with the objective of providing much faster data rates and better user
experience. Through eMBB, 5G networks are envisaged to deliver data transfer rates up
to 20 Gbps providing high capacity while also supporting high speed user mobility.
URLLC is an emerging direction which was not a main focus in previous generations
of mobile communications. URLLC applications include many futuristic scenarios like
remote surgery, factory automation, and vehicle to everything communications. Accord-
ingly, to meet the stringent reliability and latency requirements expected under URLLC,
revolutionary approaches are required. Depending on different applications requirements,
the 3" generation partnership project (3GPP) has defined various reliability and latency
threshold values for URLLC traffic. For some applications, this requirement could be
1 — 1075 reliability and a user plane latency of 1 ms [2]. However, ultra-reliability and low
latency are generally two contradictory requirements. To achieve higher reliability, it takes
longer latency. Therefore, achieving both high reliability and low latency simultaneously
is a highly challenging task which expects a tradeoff between these two requirements [3].
On the other hand, the concept of machine type communications (MTC) has been
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Figure 1.1: 5G main technological directions [1].

developed over the past decade. With the the rapid deployment of the Internet of things
(IoT), a huge number of devices are being connected to the IoT through ubiquitous wireless
connections especially via cellular networks. It is envisioned that 5G will accommodate
more than 1 million devices per km? and thereby creating massive IoT (mIoT) networks.
The requirement to deal with such a massive number of MTC devices has fostered the
concept of mMTC. However, allocating scarce resources especially radio resources to ac-
commodate the needs and limitations for such a higher number of devices encounters a
major challenge for the success of mMTC in 5G networks [4].

1.2 Elements Related to This Thesis Work

In this section, we discuss a few fundamental elements upon which the dissertation work
is built. The topics that are discussed herein are further explored in the chapters related
to each paper in Part II.

1.2.1 5G Numerologies and Frame Structure

5G new radio (NR) is built up based on the same principles of orthogonal frequency
division multiple access (OFDMA) technology which was adopted in long term evolution
(LTE) and in LTE-advanced (LTE-A). NR is designed to support deployment across a
wide range of frequencies. In NR, two operating frequency ranges are defined by the
3GPP [5] with frequency range 1 (FR1) corresponding to 450 MHz — 6000 MHz and
frequency range 2 (FR2) corresponding to 24250 MHz — 52600 MHz. Distinct from LTE-
A, NR is enabled to support multiple subcarrier spacings. Subcarrier spacing is equal to
the reciprocal of the symbol time and can be represented as the width of one subcarrier
in the frequncy domain. In LTE, only a 15 kHz subcarrier spacing was adopted. Similar
to the LTE frame structure, 5G NR also has the same time duration for a radio frame
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Table 1.1: 5G numerologies and related parameters [20]

Numerology Number of symbols | Number of slots | Number of slots per
index p per slot per frame subframe

0 14 10 1

1 14 20 2

2 14 40 4

3 14 80 8

4 14 160 16

(10 ms) and a subframe (1 ms).

However, in NR each subframe may contain one or multiple number of slots based
on the numerology in use. Correspondingly, a numerology represents a different type of
subcarrier spacings and symbol length. Tab. 1.1 gives an overview of 5G NR numerologies
and the corresponding number of slots per frame and subframe. Specifically, 5G NR
consists of five distinct OFDMA numerologies that support radio operations in both FR1
and FR2. Correspondingly, the subcarrier spacing index p may have five possible values
each mapping to a specific subcarrier spacing value according to the formula Af = 2# x 15
kHz. The corresponding subcarrier spacings for different values of i = 0 to 4 are obtained
as 15 kHz, 30 kHz, 60 kHz, 120 kHz, and 240 kHz, respectively.

Having multiple numerologies offers additional flexibility for scheduling of different
services. With shorter duration of slots, transmissions can be scheduled much faster than
a traditional LTE based network. Furthermore, NR enables both uplink and downlink
transmissions within a slot, making it possible to support low latency traffic. In addition,
different numerologies support multiple deployment scenarios from sub-1 GHz range to
millimeter wave (mmWave) applications. The higher numerologies © = 3 and p = 4
support high frequencies in the mmWave range defined in the range of FR2. Furthermore,
since symbol length and subcarrier spacing are inversely proportional to each other, wider
subcarrier spacings reduce the cyclic prefix (CP) length which is an overhead to a system.
This is especially useful for smaller cells where delay spread is low. For applications which
tolerate longer delay spread, narrower subcarrier spacings are preferable.

1.2.2 Reliability and Availability in Mobile Networks

Reliability and availability are two most important factors when assessing the operation
quality of a given mobile network. When a system is available, users require reliable
services with a sufficient level of quality. Therefore, both reliability and availability are
fundamental performance attributes for dependability analysis.

The reliability of a system is defined as the probability that a system will perform its
intended functions without failure for a given interval of time under specified operating
conditions [7]. The availability of a system can be analyzed mainly in two ways, i.e.,
instantaneous (point) availability and steady state availability. Instantaneous availability
is the probability that the system is operating properly and is available to perform its
functions at a specified time. The steady state availability can be obtained as the average
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availability over a sufficiently long period of time.

1.2.3 Initial Access Mechanisms

Initial access is an essential procedure for connectivity establishment in wireless networks.
Due to the scarcity of radio resources and the possibility of collisions in wireless access, it is
important to employ efficient medium access protocols in order to ensure high performance
in terms of reliability and latency. Initial access approaches can be classified into two
categories. The first one is grant based (GB) access. In GB, devices first need to obtain
an access grant before transmitting their data packet to a base station. To this end,
numerous random access (RA) protocols exist and all of them involve an initial message
exchange procedure between a transmitting device and its base station in order to gain
access grant. The data packet will only be transmitted upon the successful completion of
the initial control message exchange and thereby after an obtained grant.

The other approach is grant-free (GF) access where a device could directly transmit
its data packet without obtaining a grant from the base station [8]. Although the data
packet is directly transmitted without prior communications, we still consider GF as
an initial access scheme since it represents the initial point of communication between
the device and the base station. GF is preferable for small data transmissions which are
common for mMTC applications. The elimination of initial message exchange reduces the
resulting latency of communications for GF communications. However, its performance
could quickly deteriorate depending on the offered traffic load. In general, a higher traffic
arrival rate leads to higher collisions and more packet losses.

1.3 Research Questions

In this section, we explore potential research directions for enabling URLLC and mMTC
in NR networks and then identify a few research questions that are related to this thesis
work.

1.3.1 Research Directions for URLLC and mMTC

In order to provide URLLC and mMTC, research in diverse fields is required [10]. Initial
access mechanisms play a major role for meeting URLLC service requirements. This
is specially applicable when we consider URLLC in an mMTC scenario. When a huge
number of devices are served inside a cell as envisioned in many 5G scenarios, it is well
understood that this situation could lead to complications for initial access. It is therefore
vital to analyze how existing GB approaches like the LTE-A RA procedure could be
adopted to cater such requirements. Especially, considering bursty traffic arrivals when
a huge number of traffic arrivals within a short period of time, the performance of GB
initial access could be further deteriorated.

On the other hand, in NR networks, more focus is attained by GF based protocols due
to its low latency capabilities and lesser control overhead at lower traffic arrival rates [9].
So far, little work has been done on providing priority based access in a GF setting for
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NR networks. This is however appealing as devices in 5G are heterogeneous in nature
with different service requirements.

In addition, machine learning techniques may be utilized to improve the performance
of URLLC traffic by dynamic traffic predictions and resource allocations. Such approaches
also require further research.

Furthermore, it is important to define proper metrics to measure URLLC satisfaction
provided by a given network. Generally, the reliability level is measured based on the
number of successful packets versus the total number of packet transmissions during a
considered period. Moreover, it is imperative to consider metrics that inherit the availabil-
ity aspect of communication networks and analyze the performance of various reliability
measures. From a dependability perspective, the availability of a system in time domain
can be defined as the system up time over the total observation time. Moreover, for a mo-
bile network operator, it is also important to consider the space domain availability when
defining the overall availability. Therefore it is interesting to evaluate URLLC considering
both time and space domains.

1.3.2 Research Questions
In this dissertation, we make efforts to answer the following research questions.

e Question 1: Following the principle of traditional GB initial access, how to develop
access schemes that can meet the URLLC requirements in an mMTC context with
the presence of huge device density? How to utilize the scarce preamble resources
efficiently while enabling URLLC?

e Question 2: For GF data transmissions, how to efficiently allocate radio resources
with respect to different service requirements given the existence of heterogeneous
traffic?

e Question 3: How to predict traffic arrivals at a gNB and use such information to
reduce RA congestion during a bursty traffic arrival?

e Question 4: How to evaluate URLLC of an end user from a dependability theory
perspective? How to analyze the reliability and availability of an end user and
achieve better performance when both spatial and temporal domain parameters are
considered?

1.4 Contributions and Methodology

1.4.1 Contributions

To address the above mentioned research questions, the following contributions have been
made during this Ph.D. work.

e Three RA schemes that are built upon the LTE-A/NR initial process are developed.
The proposed schemes envisage an mMTC scenario where a massive number of de-
vices access a base station simultaneously. For such an arrival, the proposed schemes
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attempt to reduce RA congestion by device and/or resource based grouping con-
sidering the URLLC level requirements of devices. Their performance is evaluated
based on several metrics and compared with traditional LTE-A and GF schemes.

e A GF initial access scheme for hybrid traffic which dynamically allocates radio slot
resources between high priority and low priority devices is proposed. A two dimen-
sional (2D) Markov chain integrated with a pseudo-aggregated process is developed
to analytically model the proposed scheme. Furthermore, the performance of the
model is evaluated via simulations.

e A machine learning based scheme for predicting arrival traffic in a bursty arrival
scenario is proposed. Based on the predicted traffic arrivals, dynamic resource
allocation can be accommodated.

e A per-user URLLC evaluation metric is defined from a dependability theory per-
spective. The proposed metric combines both spatial and temporal factors that
could affect the availability of a service.

1.4.2 Methodology

The following methodological workflow is pursued.

e Literature review was performed for the purpose of exploring clues to address the
identified research questions. State-of-the-art efforts from both standardization
body (especially the 3GPP) and research community were investigated.

e Protocol/scheme design: Different schemes have been developed as our efforts to
resolve the identified problems under various scenarios.

e Model development: Mathematical modeling using Markov chains and implementing
the developed analytical models.

e Implementation of the the proposed schemes and performing extensive simulations
to validate the proposed schemes and to evaluate their performance.

e Comparison with existing schemes.

The results of this study have been published in three journals and five conferences.
Among them the four papers which are published in the IEEE Transactions on Commu-
nications, Computer Networks, IEEE Networking Letters, Proceedings of IEEE Interna-
tional Conference on Computer Communications (INFOCOM 19) workshops respectively
are included in Part II of the thesis.

1.5 Thesis Outline

The dissertation is organized into two parts. Part I contains an overview of the work
carried out throughout this Ph.D. study and Part II includes a collection of four published
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or submitted papers, which are mentioned in the list of publications. In addition to the
introduction chapter presented above, the following chapters are included.

e Chapter 2 initially presents the background about initial access in wireless networks.
Thereafter, an outline of the GB schemes which are originally proposed in Paper A
is presented.

e Chapter 3 first presents an overview about grant-free communications followed by an
outline of the priority enabled GF scheme for heterogeneous traffic arrivals presented
in Paper B.

e Chapter 4 emphasizes the importance of arrival prediction at the base station with
relevant background. Thereafter, it introduces an overview of the proposed machine
learning based bursty traffic arrival prediction scheme in Paper C.

e Chapter 5 presents the concepts on evaluating user availability in wireless networks.
It further introduces the study in Paper D about end user availability from a de-
pendability perspective.

e Chapter 6 concludes the dissertation, reemphasizes the contributions, and highlights
a few potential future research directions relevant to the topic addressed in this
dissertation.






Chapter 2

Grant based Initial Access for
mMTC Traffic Arrivals

In this chapter, we first discuss the basic principles of GB initial access based on the
legacy LTE-A random access procedure. Then the main issues associated with this legacy
LTE-A RA process are discussed and existing solutions in the literature are summarized.
Thereafter, the main ideas of the proposed group based access schemes are presented.

2.1 Grant based Random Access

GB random access is predominantly employed for initial access in OFDMA based access
networks, e.g., for the LTE-A RA process. For GB access, a device first obtains permission
from a base station (evolved NodeB (eNB) for 4G and next generation NodeB (gNB) for
5G) before transmitting its data packets. The process of acquiring the required permission
consists of the exchange of four control messages prior to a data transmission.

2.1.1 LTE-A Random Access Procedure

The most well known GB access scheme used in LTE-A RA [7] is a four step handshake
procedure as depicted in Fig. 2.1. A device which intends to transmit data first randomly
selects a preamble from a set of preambles available in a given slot. Preambles in 4G and
5G are generated using the Zadoff-Chu sequences. These preambles are constant ampli-
tude zero auto-correlation sequences with periodic auto-correlation function, facilitating
accurate preamble detection and timing. Furthermore, the Zadoff-Chu sequences exhibit
excellent cross-correlation properties. However, the Zadoff-Chu sequences are difficult to
generate in real time and require a large amount of memory for code storage due to the
orthogonality requirement [12]. Thus, the number of available orthogonal preambles is
limited and it is advertised by the eNB/gNB through the physical random access channel
(PRACH) configuration common message [13] [9]. Generally, there are 64 preambles per
RA slot in a given cell and 10 of them are reserved for contention-free access while the
other 54 preambles are shared among competing devices.

The four step access procedure illustrated in Fig. 2.1 is an RA procedure. Prior to
data transmission, each device will randomly select one of the available preambles and
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Figure 2.1: Tlustration of the four step contention based access procedure for LTE-A [9].

transmits the preamble in the next available random access slot defined according to the
PRACH configuration information.

The gNB will broadcast information about the set of available preambles, preamble
formats, and the PRACH configuration index information to all devices in the cell peri-
odically through a system information block 2 (SIB2) message. If two or more devices
select the same preamble and transmit in the same RA slot, a collision occurs. In such
a situation, often all involved devices need to retransmit preambles after a randomly se-
lected backoff time chosen from the provided backoff window. If no collision is detected,
the gNB will then reply with a random access response (RAR) message. The third and
fourth messages consist of contention resolution and once all these steps are successfully
completed, the initial access process is considered to be successful.

SIB and master information block (MIB) messages are broadcasted by the gNB peri-
odically. The MIB message follows a fixed schedule with periodicity of 40 ms [13]. The
SIB1 message follows a fixed schedule with periodicity of 80 ms. SIB2 provides the neces-
sary details about the RA process to all devices in a cell. Such information includes the
PRACH configuration index which defines the frequency in which an RA slot is assigned
in the time domain and the preamble type. According to [12], there are 32 such PRACH
configuration indexes. In Paper A, we consider two PRACH configurations where an RA
slot is available in every fifth subframe or every subframe of a radio frame respectively as
illustrated in Fig. 2.2. Furthermore, we have taken advantage of the flexibility provided
by the NR frame structure to accommodate two RA slots within a subframe in order to
satisfy mMTC requirements as explained in Sec. 2.4.

2.2 RACH Congestion and Existing Solutions

Random access channel (RACH) congestion is one of the major problems associated with
the LTE-A RA procedure and it is mainly caused by the limited number of orthogonal
preambles available per slot per cell [14] [15]. The existence of a large number of devices

12
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in mMTC scenarios can cause a high number of collisions among the competing devices
at a given RA slot. This will result in retransmissions and additional delay. In bursty
traffic scenarios where a large number of devices suddenly transmit over a short time
duration, it causes extra congestion leading to even worse situations in terms of delay and
successful access [16]. To overcome such problems, the standardization body and research
community have come up with different proposals [17], [18].

One representative category of approaches is access control based methods. While
access class barring (ACB) and enhanced access barring (EAB) are the most popular
mechanisms in LTE-A [19] [15], 5G introduces unified access control (UAC) [21]. In ACB
approaches, devices are classified based on their quality of service (QoS) levels. Each
device will receive an access probability rate indicator from its eNB based on their traffic
class priority level. For GB access, each device will randomly select a value between 0 to 1.
If the selected value is greater than the given access probability, the transmission is barred.
This approach is further extended in EAB which introduces a larger number of classes.
Accordingly, when a high priority device is transmitting, all other device types are barred
from transmissions. 3GPP Release 15 specifications introduce the concept of UAC which
is based upon the use of access identities and access categories and it applies to 5G NR, [21].
In UAC, each access attempt from a device is categorized with both one or more access
identities and access category. A UE at each access attempt will assess whether an actual
access attempt can be made based on the access control information applicable to the
selected access identities and access category. Factors like operator policies, deployment
scenarios, subscriber profiles, and available services are associated with access identities
and access categories. UAC also provides flexibility to include additional access identities
and access categories which allow operators to define access categories based on their own
criteria [21].

Apart from access control based approaches, there are several other approaches inves-
tigated by the 3GPP and in related literature [16] [17]. Resource separation is another
approach where human type communications (HTC) and MTC devices are treated inde-
pendently with separate resources and priority levels. In other efforts, devices are grouped
or clustered and the cluster-head will act as a relay node between an eNB and its covered
end devices. However, since all data goes through the cluster-node, the overall latency of
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communication could increase. In eNB initiated pull based approaches, the eNB sched-
ules when each device can transmit. Although this would work well for periodic traffic,
such an approach is not suitable for event driven traffic with bursty nature. While these
approaches improve the performance of devices, they still need improvements to tackle
with the requirements of URLLC in mMTC scenarios, especially when bursty traffic is
concerned.

2.3 Impact of mMTC Traffic Arrivals on Achieving
High Reliability and Low Latency

As discussed earlier, a massive number of devices can be active in mMTC scenarios causing
unique problems in achieving URLLC [10]. One of the main issues lies in the initial access
procedure. Consider a scenario where a large number of devices attempt to access within
a short period of time. There is a high probability for collisions. Such arrivals are
considered as bursty traffic arrivals. Bursty traffic arrivals and its impact on LTE-A RA
process have been analyzed in [16,22]. However, the analysis therein was carried out
without considering a massive number of devices. Furthermore, the analysis was based
on the LTE-A frame structure which does not have the flexibility offered by 5G NR.
Consider the occurrence of an emergency event that causes many sensors to transmit their
measurements simultaneously. Collision could become much worse in mMTC scenarios
with a massive number of devices deployed inside a cell. Hence, it is imperative to
explore approaches to provide ultra high reliability while minimizing latency in bursty
traffic scenarios as well.

2.4 Outline of the Proposed Approach

The traditional four step LTE-A RA scheme has numerous limitations when confronted
with URLLC requirements in the presence of mMTC. In Paper A of Part II of this thesis,
we consider a worst-case scenario that can be experienced at a gNB, where a huge number
of devices become active in a bursty manner. In such instances, the presence of a massive
number of devices attempting network access would cause high congestion, low access
success probability, and higher latency. Therefore, it is beneficial to provide higher access
privilege for those devices that require URLLC. Considering these aspects, we propose
in Paper A two main schemes for initial access approaches of mMTC devices that have
URLLC requirements and a hybrid scheme containing the merits of both schemes.

2.4.1 Device Grouping based Dedicated Preambles

The first scheme proposed in Paper A is referred to as device grouping with dedicated
preambles (DGDP). This scheme focuses on a scenario where a set of URLLC devices
which form a device group are located in the immediate vicinity of a point of common
interest monitoring the same natural or physical phenomenon. This scenario is introduced
as the location-bounded URLLC services. There could be several groups inside a cell and
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the number of groups is limited by the number of preambles allocated for such grouping
activity. The group formation and device registration with the gNB are performed at
the establishment stage and one device is selected as the leader of the group beforehand
based on different factors like the proximity to other sensors, previous uplink and downlink
quality. Each group member’s observation needs to be reported to the gNB for instance
in the following sense. Consider a set of sensors located in close proximity within an
industrial plant monitoring critical parameters like temperature, motor vibration, and
pressure. When a triggering event such as a fire occurs, all devices in the group will
attempt to transmit its sensor measurements to the gNB. The data from group devices
should be collected (instead of relying on the group leader to report everything which
introduces additional delays).

In the DGDP scheme, each group consists of a group leader and multiple group mem-
bers and it is the group leader’s responsibility to transmit the preamble on behalf of
the group. When a triggering event occurs, the group leader will transmit the dedicated
preamble. From the preamble, the gNB identifies the group and its members (from the
beforehand registration process) and then allocates uplink radio resources for all members
within that group. The initial control exchange process is thereby shrunk to two steps.
Once the grant is received, the data transmission process can happen contention free since
the preamble for each group is dedicated. Here contention free is only meant for preamble
transmissions. For data transmissions, we assume that there are a sufficient number of
resource blocks. Therefore, this scheme increases the reliability and latency of grouped
devices compared to what is obtained in traditional LTE-A RA schemes.

2.4.2 RA Slot based URLLC Grouping

In the second scheme, an RA slot based URLLC Grouping (RAUG) is proposed. This
mechanism is facilitated by the novel 5G NR frame structure and numerology concepts.
The envisaged network scenario is considered as location-spread URLLC devices where
unlike in the first scheme the devices are not bounded by the location. A device that is
attempting a URLLC based transmission is categorized as a URLLC device (UD) while
the other devices are regarded as non-URLLC devices (NUDs). Utilizing the flexibility of
slot wise scheduling combined with different preamble formats and PRACH configurations
available in 5G NR, the RAUG scheme proposes to have two RACH transmission slots
within every subframe each for UDs and NUDs separately. With this approach, UDs
obtain opportunities to transmit preambles in a dedicated RACH slot without having to
compete with NUDs. Since no dedicated preambles are reserved for UDs or NUDs, all
devices in this case have to follow the four step LTE-A RA access procedure.

2.4.3 Hybrid Scheme

Additionally, Paper A also proposes a hybrid scheme. Therein, a scenario which involves
both location-bounded and location-spread URLLC devices is envisaged. Accordingly,
both device grouping and resource grouping concepts are utilized to provide better ac-
cess opportunities for URLLC devices. This combination of beneficial properties in both
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DGDP and RAUG schemes enables to provide flexible service requirements for different
priority level users and also improves the performance of both non-URLLC and non-
grouped devices.

2.4.4 Performance Evaluation and Comparison

The proposed schemes are analyzed by considering three performance metrics as access
success probability, preamble collision probability, and average delay for successfully ac-
cessed devices. These metrics are evaluated both analytically and via simulations for
different configurable parameters. A bursty traffic arrival is modeled according to the
3GPP recommendation in [16]. Much higher than the device population considered in
a benchmark study which considered 30000 devices [22], we configure a total number
of devices up to 300000, reflecting a bursty arrival process in an mMTC scenario. The
performance of different types of devices is evaluated and compared with that of tradi-
tional LTE-A based access. By employing the proposed schemes, grouped devices and
URLLC devices obtain better performance. In addition, the performance of non-grouped
and non-URLLC devices is also improved when compared with the results obtained from
the traditional LTE-A RA procedure.

2.5 Chapter Summary

In this chapter, we initially discuss the LTE-A RA process and its limitations due to
RACH congestion. Then we review briefly the existing work that attempts to improve the
performance of various types of devices. Furthermore, we emphasize the imperativeness
for further research in the area of initial access for combined URLLC and mMTC use
cases in NR networks. In such a context, our proposed schemes represent a novel effort
towards the beyond state-of-the-art research within the topic of GB access for 5G NR
networks.
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Chapter 3

Grant-Free Access with Traffic
Priority in 5G NR Networks

With the proliferation of diverse application requirements, grant-free access has attracted
a surge of research interests. Different from GB access, in GF access, devices transmit
their data packets directly without the need for obtaining a prior grant from the gNB.
GF access works on a mechanism similar to slotted ALOHA [8]. For providing access to
heterogeneous traffic, enabling priority based access within grant-free plays a vital role
for the performance of access schemes. In this chapter, we look first at background and
literature about GF transmissions for LTE-A and NR networks. Then we outline the
proposed scheme which is tailored to GF access based on NR numerologies.

3.1 Grant-Free Access

Grant-free approaches have recently gained increasing attention for two main reasons.
First, as already discussed in earlier chapters, an initial handshake procedure for grant
based random access introduces considerable latency. In addition, mMTC devices typi-
cally generate small data packets in a sporadic manner. Therefore, the control overhead
introduced by GB approaches is significantly high with respect to the data packet size that
needs to be transmitted. Consequently, GF traffic appears to provide a viable alternative
for reducing such latency and resolving control overhead issues associated with GB un-
der low to medium traffic arrival rates. In LTE-A networks, semi-persistent scheduling or
configured-grant based approaches have been proposed as latency reduction methods [23].
In such approaches, a gNB will schedule the transmission slots for periodic traffic so that
those devices do not need to obtain grants for data transmission. While this can be con-
sidered as a grant-free approach, such methods are not practical for mMTC devices where
traffic arrivals are generally event driven and sporadic.

3.1.1 Existing Work on GF Access

Several GF based approaches have been introduced in the literature. In [8], GF schemes
are categorized into four main approaches as illustrated in Fig. 3.1. These categories are
reactive, K repetitions where K is an integer with K > 1, proactive, and power boost
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Figure 3.1: Different categories of initial access [8].

based. In reactive schemes, a device will transmit its data packet and wait for a hybrid
automatic repeat request (HARQ) based ACK/NACK message. If no ACK message is
received (or NACK is received), the device will retransmit the same packet again up to a
certain retransmission limit. Such HARQ schemes are often referred to as reactive since
retransmissions are triggered based on the knowledge about the previous transmission [24].

In the K repetition scheme, a device will transmit K replicas of the same packet before
receiving a possible ACK. Since the gNB only sends an ACK after K repetitions, there
could be redundant transmissions which are unnecessary especially when considering the
slot resource constraint. However, this approach may provide higher access probability
for a URLLC packet since it is transmitted multiple times given that the traffic arrival
rate is low.

In proactive schemes, the gNB will send feedback for each packet transmission. A
device will transmit its packets on selected GF slots. Unlike reactive schemes, the device
will not wait for the feedback after the first transmission. Instead, it will keep transmitting
its data packets until an ACK for a previously transmitted message is received. Therefore,
the number of repetitions can be less than K. This scheme is computationally heavy for
end devices, as they need to monitor feedback from the gNB. However, it is also likely
to be more resource efficient than K repetitions with overestimated K and more reliable
than K repetitions with underestimated K.

In a power boosting scheme, retransmissions mentioned in reactive schemes are per-
formed with power boosting at each retransmission. Such an approach can be implemented
as the retransmitted packets require priority in order to have successful access within a
lower latency.

There are many studies in the literature focusing on these four types of approaches,
their performance evaluations, and possible variants [25-29]. As grant-free transmissions
inherit the ALOHA /slotted ALOHA transmission mechanism, many prior research related
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to slotted ALOHA can be applied to grant-free based access mechanisms. For example,
the irregular repetition slotted ALOHA (IRSA) [30] can be viewed as another interesting
variant of K repetition mentioned above. In IRSA, each device will transmit an irregular
number of replicas randomly in the available slots. Different from K repetition, this
scheme aims to minimize collisions among retransmissions due to the irregularity.

3.1.2 Single and Multi-User Detection Consideration

Single user detection and multi-user detection methods are employed to uniquely identify
individual users at a given slot upon successful packet reception. In traditional communi-
cation systems, if two or more packets transmit within the same slot, it will be considered
as a collision. However, when multi-user detection is possible, more than one user which
transmitted within the same slot can be detected successfully. Multi-user detection is
possible thanks to advanced signal processing available at receivers. When multiple users
are involved in the same time slot on the same frequency, non-orthogonal multiple access
(NOMA) based interference cancellation methods such as successive interference cancel-
lation (SIC) and other techniques like multiple input multiple output (MIMO) can be
applied to separately identify individual users.

Grant-free based approaches can be employed for both single user detection and multi-
user detection. While there are a plethora of research related to NOMA based GF ac-
cess [31], the 3GPP has decided to discontinue NOMA as a work item for 5G NR at the
current phase [32]. However, it remains still as a study item for beyond 5G systems. For
the work performed in Paper B of Part II, we decide to focus is on single user detection
based GF schemes. In Sec. 3.5 below, we explore some draft ideas on how to enhance this
work with the help of multi-user detection.

3.2 Priority based Access

Providing priority for devices with higher QoS requirements in initial access has been
considered in many studies [33] [34]. Among them, ACB and ECB [19] used in GB
random access were discussed in Chapter 2. In what follows, we summarize a few popular
approaches to provide priority access from the literature.

A priority based access for ALOHA based scheme was considered in [33] by introduc-
ing priority to the traditional reservation ALOHA (R-ALOHA) scheme [35]. R-ALOHA
enables reserving specific time slots and the proposed priority reservation-ALOHA (PR-
ALOHA) scheme reserves them exclusively for high priority traffic. This scheme enables
higher priority traffic to compete in the reserved set of slots. In priority IRSA (P-IRSA)
proposed in [34], access control is introduced and users with high priority obtain higher
channel access probability under increased traffic load in an IRSA based system. In [36], a
priority-based channel allocation mechanism for wireless cellular networks was presented.
The main idea of their work is to prioritize call requests and available channels. Therein,
both users and channels are categorized into high and low priority groups. Furthermore, a
pseudo-Bayesian ALOHA algorithm with multiple priorities was proposed in [37]. In that
work, the authors intended to reduce the waiting time of delay sensitive request packets
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in a multimedia environment. The transmission probability of each device is adjusted
based on both channel history and a priority parameter relevant to their priority class.
Access control for cellular and device to device (D2D) communications in a single cell
was studied in [38]. The access of both cellular and D2D users is controlled by assigning
different priority levels for each category. In addition, game theoretic approaches were
also proposed in the literature for multiple access control in wireless systems [39] [40].

Although access control in a general sense is a widely explored topic, little work has
been done regarding enabling priority based access for heterogeneous traffic for 5G NR
based GF communications. In the following, we present an outline of our proposed ap-
proach with regard to the scheme presented in Paper B of Part II.

3.3 Outline of the Proposed Scheme

In Paper B, we present a priority enabled grant-free access scheme for dynamic slot
allocation referred to therein as DSA-GF. DSA-GF has been proposed based on the 5G
NR frame structure and is applicable to different numerologies. As mentioned earlier in
Chapter 1, a subframe which has a fixed length of 1 ms could consist of one or more slots.
Considering small data transmissions, mMTC traffic is facilitated for grant-free access
within all these slots. The main idea of DSA-GF is to differentiate heterogeneous traffic
based on their QoS requirements and provide higher priority to devices with higher QoS
requirements without starving low priority traffic.

3.3.1 Definition of Terminologies

The following terminologies are used throughout this chapter and in Paper B.

Active device: A device that has at least one packet ready to transmit. Active devices
are composed of new arrivals and backlogged devices.

Postponed device/transmission: A device that does not select to transmit in the
current subframe due to the restriction imposed by the permission probability.

Collided device: A device whose transmission in the current subframe failed due to a
collision with other transmission(s) in the same slot.

Backlogged devices: The sum of devices that postpone their transmission to the next
subframe and those devices that were involved in collisions in the current subframe.

New arrivals: Devices that have generated a new packet during the current subframe.
These devices follow the immediate first transmission (IFT) principle for possible trans-
mission (constrained by the permission probability) in the next subframe.
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Figure 3.2: Relationships among new arrivals, postponed transmissions, backlogged devices,
and active devices.

Collided slot: A collided slot is a slot which is selected by two or more devices.
Successful slot: A successful slot is a slot occupied by only a single user.
Idle slot: An idle slot is an empty slot which is not occupied by any user.

Fig. 3.2 illustrates the relationships among new arrivals, postponed transmissions, back-
logged devices, and active devices. The formation of the set of active devices in each
subframe is also illustrated.

3.3.2 Network Scenario and Assumptions

When different priority devices intend to perform GF access, it is preferable to have
dynamic control over the resources that can be allocated for each priority type. In this
work, we consider two traffic classes with different priorities referred to as high priority
traffic (HPT) and low priority traffic (LPT) respectively. The priority level is given
considering the reliability and latency requirements of each traffic class. We further
utilize the novel concept of 5G NR numerology when deciding the resource allocation
process. For example if numerology three is adopted, each subframe will consist of 8
slots. Our aim is to dynamically allocate these slots among HPT and LPT devices based
on the predefined criteria. We assume that the packet size of each device is small so that
a packet can be transmitted within a slot of the adopted numerology (i.e., the packet
transmission duration < 14 OFDMA symbols). Such an assumption is reasonable for
small packet transmissions under mMTC scenarios [9] [24]. Accordingly, all available
slots within a subframe of a given numerology are regarded as available for GF traffic.
Note however that the proposed scheme is not restricted to a fixed packet size.

To represent the number of active devices within each slot, we consider a Bernoulli
process for packet generation with a combination of different number of devices and
activation probabilities. Only the devices which are active will attempt to transmit their
data packets in a randomly selected slot. The transmission decision will be taken based on
the permission probability devices receive from the gNB. If a device decides to transmit

21



Grant-Free Access with Traffic Priority in 5G NR Networks

based on the permission probability, a GF slot specific for the device type will be selected
randomly for its packet transmission.

3.3.3 The Proposed Dynamic Slot Allocation Scheme

The detailed description of the proposed scheme with an algorithm for active device
estimation is presented in Sec. III of Paper B. In the following, we summarize the main
components of the proposed scheme.

e Observation: At the end of each subframe, the gNB observes the number of holes,
collided slots, and successful slots for each traffic type.

e Estimation: According to its observations, the gNB estimates the number of back-
logged devices at the end of the subframe using an algorithm based on the Bayes
rule. Thereafter, the gNB estimates the number of new arrivals during each sub-
frame. This process is carried out for each traffic type independently.

e Slot allocation: Based on the backlogged and new arrival estimations, the gNB
decides the number of slots that would be allocated HPT. Once the HPT slots are
allocated, the remaining is allocated to LPT. The HPT is prioritized in this manner.
Note that the minimum and the maximum number of slots that can be allocated to
a specific traffic class is predefined.

e Permission probability and data transmission: Both HPT and LTP devices
will receive a permission probability which the gNB calculated based on the number
of available slots and the estimated number of active devices. With this probability,
each active device randomly selects one of the allocated slots within the current
subframe to transmit its packet. Otherwise, the device postpones its transmission
to the next subframe.

The number of slots that can be allocated for HPT and LPT traffic is controlled by
the maximum and minimum numer of slots for each traffic type. These parameters are
configured considering factors like traffic load over a long period of time (which is much
longer than the subframe or frame duration). By configuring the maximum number of
slots for HPT which is less than the total number of slots available in the subframe, we
provide at least one slot for LPT traffic. As such, the starvation of LPT traffic has been
avoided.

3.4 Analytical Model and Simulations

The performance the proposed DSA-GF scheme is modeled using a discrete time Markov
chain (DTMC). More specifically, a 2D Markov chain that integrates both HTP and
LPT traffic through a pseudo-aggregated process is developed. During each subframe,
every active device generates a packet with a certain probability according to a Bernoulli
process. We observe the system at the boarder of two consecutive subframes and such a
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Figure 3.3: Ilustration of a multi-user detection scenario with channel impairments.

time instant is regarded as a transition instant. The developed Markov model is defined
by a set of three random variables. They correspond to the number of estimated device
arrivals at the current subframe, the number of actual device arrivals at the current
subframe, and the number of slots allocated in the current subframe. The model is built
upon the state transitions of these parameters from one subframe to the next for both
HPT and LPT traffic. Four metrics for performance evaluation including throughput per
subframe, throughput per slot, access delay, and packet loss probability are defined.

In addition to the analytical model, the proposed scheme is also simulated. Here
we consider different combinations of offered traffic for HPT and LPT, and the impact
on each other’s performance is evaluated. In addition, the impact of maximum and
minimum number of slots that can be allocated to HPT on the performance of both
traffic types is also evaluated. While the main body of the study is carried based on the
NR frame structure with numerology index three, we also demonstrate the applicability
of the proposed scheme to other numerologies as well. The simulation results demonstrate
a close match with the results obtained through the analytical model.

Another salient feature of our model is that the number of states in our pseudo-
aggregated 2D Markov chain model is much less than what is needed in conventional
2D Markov models. It is well known that when the number of states in one dimension
increases, the size of the state space in a 2D model would grow dramatically. In this work,
we adopt a pseudo-aggregated process which performs state aggregation to address the
problem of how to deal with large state spaces in a Markov chain through a much reduced
state space.

3.5 Potential Extensions for Multi-Packet Reception

A potential extension of the proposed work is to consider multi-user detection along
with the effects of channel impairments like interference and fading. For such possible
extension, a preliminary scenario can be explored as illustrated in Fig. 3.3. It represents a
scenario where multi-user detection is enabled such that a number of simultaneous users
can possibly transmit in the same slot without causing a collision.
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In Fig. 3.3, oy, with x € (0,1,2,34) and y € (0,1,2,C) denotes the transition
probability from number of transmissions to number of receptions. &,9, and e represent
the values of these transition probabilities to the collided reception state from number
of transmissions 2,1, and 0 respectively and these values are typically very small. For
example, if the number of transmitting users equals to two, there are in total four receiving
possibilities at the gNB. With probability as», ideal detection occurs meaning that both
packets are correctly received. With probability as;, only a single packet out of the two
may be successfully detected. On the other hand, due to the effects of interference and
fading, there is a possibility of gNB detecting the transmission as either a collision with
ag . = £ or as zero reception with probability as . Accordingly, the proposed scheme can
be extended considering these aspects of multi-user detection and channel conditions.

3.6 Chapter Summary

In this chapter, we first introduce the concepts related to grant-free communications
followed by different categories of GF access existing in the literature. Then the state-
of-the-art on different GF access schemes is summarized. Afterwards, an outline of the
proposed scheme in Paper B of Part II is presented.
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Chapter 4

Traffic Prediction and Resource
Allocation for mMTC Traffic

In a heterogeneous network, devices will have different service requirements and trans-
mission periodicity. While some devices transmit routine periodic traffic, other devices
generate event driven aperiodic data traffic. For the latter type, traffic prediction and
resource allocation are challenging due to the non-deterministic nature of packet arrivals.
This problem intensifies in mMTC networks where a large number of devices coexist.
Furthermore, some of these devices may have URLLC requirements. Thus providing such
devices with required QoS remains as an interesting research topic. In this chapter, we
propose a machine learning based approach for traffic arrival prediction and resource allo-
cation which is applicable to mMTC networks especially under bursty traffic conditions.

4.1 Arrival Types and Modelling of mMTC Traffic

4.1.1 Types of Arrivals

In an mMTC scenario, different types of traffic arrivals can be identified as follows [2].

e Periodic traffic: In periodic traffic, the data transmission interval is repeated. For
example, a sensor device may send periodic updates of a position or the repeated
monitoring parameter. Therefore such traffic arrivals can be predicted and once
the periodicity is known, device transmissions can be scheduled by the gNB via
configured grants.

e Aperiodic traffic: In aperiodic traffic, packet transmissions are triggered by an event.
It is also referred to as event driven traffic which is not easily predictable. For exam-
ple, such events could be process or environment related where certain parameters
for instance, temperature or pressure have exceeded or fallen below the predefined
threshold.

e Hybrid traffic: Hybrid traffic is a combination of both aforementioned types of
traffic. Generally, the incoming traffic experienced by the gNB is expected to be
mixed. Bursty traffic, where a huge number of devices attempt channel access at the
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Table 4.1: Traffic models for MTC devices [16]

Characteristics Traffic Model 1 Traffic Model 2
Number of MTC devices | 1000, 3000, 5000, 10000, 30000 | 1000, 3000, 5000, 10000, 30000
Arrival Distribution Uniform distribution over T Beta distribution over T

Distribution period (T) 60 seconds 10 seconds

same time or within a short time duration can be categorized under hybrid traffic
as the involved devices could generate both periodic and aperiodic traffic.

4.1.2 Modeling Arrivals for mMTC Traffic

Generally, mMTC devices are considered to have sporadic traffic arrivals. However, traffic
arrivals could be composed of a hybrid traffic type. To model traffic arrivals, there are
several approaches commonly used in the literature. In [16], the 3GPP recommends two
reference models when simulating MTC traffic arrivals. These two models include uniform
arrivals and bursty traffic arrivals. In uniform arrivals, it is assumed that a constant
number of devices perform channel access within the observation time period and their
arrivals are modeled using the uniform distribution. On the other hand, the bursty traffic
scenario represents a situation where a large number of MTC devices attempt to access
the channel within a very small duration. This type is modeled using Beta distribution as
also mentioned in Chapter 2. Tab. 4.1 presents the two arrival models and other respective
parameters for each model.

In addition, Poisson arrivals are commonly adopted to model arrival processes in
wireless communication systems. In a Poisson arrival process, the inter-arrival times
between consecutive arrivals vary according to an exponential distribution. The arrival
rate \ represents the expected number of device arrivals during a given interval.

4.2 Traffic Prediction: Motivation

Traffic prediction is a powerful tool in order to have a better overview about the number
of devices that are competing for limited resources. In a GB initial access scheme like the
LTE-A RA procedure, such limited resources are represented by the limited number of
preambles that devices compete for. In a GF transmission, devices compete for a number
of GF slots which is often limited. If the gNB can predict an increment in device arrivals,
it can dynamically adjust system parameters to adapt to such an update. For example, if
a higher number of device arrivals are expected in an LTE-A RA procedure, the eNB may
configure EAB and ACB parameters to bar certain traffic classes in order to allow high
priority devices to transmit. Similarly, parameters like PRACH configuration index and
backoff interval can be updated accordingly. In a GF scenario, if a certain traffic class
has higher priority, the gNB can allocate a larger number of GF slots to that traffic type
when the predicted traffic rate is high. In some situations where GF traffic and GB traffic
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Figure 4.1: Number of arrivals and detections per RA slot in a bursty arrival of 30k devices [41].

co-exist, it is also beneficial to have the knowledge about the overall traffic intensity in
order to properly allocate radio resources among GB and GF users.

In other words, traffic prediction may play a pivotal role in case of bursty traffic ar-
rivals. In case of a triggering event like a power reset in a smart grid, or an industrial
emergency, a large number of devices may transmit simultaneously or within a short du-
ration. Considering a GB RA procedure dealing with such bursty traffic, the performance
of the GB procedure deteriorates rapidly as the bursty arrival reaches its peak. This
effect is illustrated in Fig. 4.1. As the number of arrivals increases, the numbers of colli-
sions and retransmissions also increase causing more collisions and retransmissions. This
cascading effect ultimately results in low access success probability and higher delay for
competing devices. With the envisaged mMTC use case in 5G, there is an even higher
possibility of bursty arrival occurrence. An intensive device density coupled with diverse
application scenarios could result in many mMTC devices requiring high reliability and
low latency performance. Under such circumstances, providing stringent QoS guarantees
is impossible based on the traditional LTE-A RA procedure. As presented in Paper A,
when compared to GB schemes, GF schemes experience even worse performance when
exposed to a traffic burst due to its limited contention resources. Therefore, traffic pre-
diction and identification of such a bursty nature in traffic would be highly beneficial in
order to provide better QoS to high priority devices and in some cases it could eventually
improve performance of all devices.

4.3 Existing Studies in Traffic Prediction

One of the major challenges in network planning and operation is how to deal with traffic
uncertainty [42]. Proper traffic prediction minimizes over-provisioning in network plan-
ning [43] and also enables proactive resource management solutions to avoid performance
degradation of a network [44]. Recently, deep learning based approaches have been popu-
lar alternatives for traffic prediction in mobile and wireless networks [43,45,46]. In [47], an
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overview of artificial neural networks used in wireless systems was presented. More specif-
ically, [45] employs artificial neural networks for traffic prediction in 4G gNBs wherein the
predictions are utilized for efficient backhaul resource allocation. In [48], a traffic predic-
tion mechanism based on convolutional long short-term memory (LSTM) was proposed.
That model intended to use the spatial-temporal dependencies of traffic in predictions for
network slicing applications in vehicular networks.

Machine learning models that jointly explore the spatio-temporal correlations were
also proposed in [49]. Therein, LSTM is adopted for handling long term dependencies
that are required for predictions. Considering the continuous movements of users within a
given cellular network, the authors utilize the correlation among traffic flows across neigh-
boring base stations for accurate learning and predictions. In [50], a multi-task learning
architecture for mobile Internet traffic forecasting was presented. Therein, different deep
learning methods were compared and the authors claim that a combination of convolu-
tion neural networks and recurrent neural networks approaches provides better overall
performance. In [51], a novel deep learning architecture, named spatial-temporal cross-
domain neural network, was proposed to capture the complex patterns hidden in cellular
data. The proposed scheme adopts a convolutional LSTM network as a subcomponent
and claims to have strong capabilities in modeling spatial-temporal dependencies of cel-
lular data. A base station sleeping mechanism based on traffic prediction was proposed
in [52]. Therein, a modified wavelet neural network is used to predict future traffic of
base stations and based on that a base station sleeping mechanism is proposed for energy
conservation.

In addition, statistical methods and hybrid approaches are also commonly used for
traffic predictions. Auto-regressive integrated moving average models are popular for
time series prediction and to capture the behavior of network traffic. In [53], an extension
to auto-regressive integrated moving average schemes that supports direct modeling of
the seasonal component of the traffic was proposed. A Gaussian process based model to
predict traffic in a 4G network was proposed in [43]. Therein, the authors claim high
prediction accuracy and better performance than what is achieved in [53]. In [43], the
authors exploit information theory based entropy concept and analyze traffic predictability
in cellular radio access networks. In a hybrid approach, [54] employs both LSTM and
adaptive neuro-fuzzy inference time series models for cellular data prediction. A hybrid
deep learning model for spatio-temporal cellular traffic prediction was presented in [55].
Therein, a novel auto-encoder based model was proposed for spatial modeling and an
LSTM based approach was adopted for temporal modeling. In a more recent paper, [44]
proposed traffic prediction tools that employ either statistical, rule based, or deep machine
learning methods. An extensive evaluation of the designed tools was performed and the
impact of different parameters in prediction accuracy was investigated.

While the existing approaches provide valuable contributions for traffic prediction at
a base station, most studies have merely considered general traffic arrival scenarios with
sporadic features. Therefore, prediction of a bursty traffic arrival specially considering a
massive number of devices needs further investigation. We attempt to fill this research
gap in Paper C of Part II as briefly outlined in the next subsection.
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4.4 Outline of the Proposed Scheme

4.4.1 Traffic Prediction Model

In Paper C, we have adopted a machine learning based approach for traffic prediction and
based on the predictions resource allocation for a GB procedure is presented. Specifically,
a bursty traffic arrival process is considered. As illustrated in Fig. 4.1, the gNB is only
aware of the number of successfully detected devices at each RA slot. Indeed, the number
of initial arrivals and the total number of competing devices resulting from the addition
of retransmissions to initial arrivals are unknown to the gNB. In Paper C, we propose a
scheme to predict the initial arrivals based on the pattern of detected data variation at
the gNB for a bursty traffic arrival.

The prediction utilizes supervised learning with a spanning tree based algorithm to
predict arrivals. The model is trained using the arrival data and the resulting detected
data obtained from an analytical modeling of the LTE-A RA process similar to [22] for a
device population of 30000 devices. The model was then tested using the detection data
at the gNB obtained from the simulation data of the LTE-RA process.

For the proposed prediction model, various supervised learning algorithms for predic-
tion are tested and the one which provides the minimum root mean squared error between
the observed and predicted data is selected as the machine learning algorithm for the pre-
diction model. Based on the prediction, the gNB is able to identify a traffic burst by
observing the predicted number of initial arrivals. When the predicted number of arrivals
exceeds a given threshold, the gNB considers the arrival traffic pattern to have changed
from normal to bursty.

4.4.2 Arrival Prediction based Preamble Allocation

Based on the arrival prediction, we develop a preamble allocation scheme, APPA which
stands for arrival prediction based preamble allocation. For dynamic preamble allocation,
we consider a scenario similar to the one which is mentioned in Paper A of Part II.
Here, the grouped devices have L priority levels based on their URLLC requirements.
Based on the predicted arrival levels, once the predicted traffic intensity exceeds a given
threshold, dynamic preamble allocation for different GD levels will be enabled. Through
such dynamic traffic aware preamble allocation, GDs will receive dedicated preambles
based on their priority level and the detected bursty traffic level. In Paper C, simulations
were performed considering three levels of groups with different bursty thresholds as the
group enabling criteria. As a result, the bursty nature of arrivals at the gNB reduces and
the performance of dynamically enabled grouped devices improves considerably.

4.4.3 Further Extensions

The study in Paper C has been further extended in [56] with a main focus of predicting
the future number of detections from a given seed length that consists of the observed
detections. An LSTM based recurrent neural network architecture was utilized for the
prediction task. LSTMs are especially powerful for time series data prediction thanks to
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its feedback loops and the ability to remember previous inputs. Different from Paper C,
the work in [56] focuses on predicting the number of preambles successfully detected at
the gNB. Another difference between these two papers is that the initial data set used for
traffic prediction in [56] is merely the data collected up to a point after which congestion
might happen (e.g., when the RA slot index is close to 400 in Fig. 4.1) and the prediction
can be long term (e.g., for RA slot index up to 2000), whereas all data accumulated up
to the prediction instant are needed for arrival estimation performed in Paper C.

In addition, [56] considers both homogeneous (30000 total device population similar
to Paper C) and heterogeneous traffic arrivals consisting of different total number of
device populations (i.e., 10000, 20000, 30000) when training and evaluating the prediction
model. From the simulation results, the homogeneous traffic based prediction provides
more accurate results whereas the heterogeneous case requires longer seed length for better
accuracy.

4.5 Chapter Summary

In this chapter, we first introduce the types and modelling of traffic arrivals for mMTC
networks. Thereafter, the motivation for traffic prediction followed by a summary of
existing prediction approaches in the literature is presented. Afterwards, an outline of
the proposed scheme in Paper C of Part II and a further enhancement is provided.

30



Chapter 5

User Reliability and Availability: A
Dependability Theory Perspective

In this chapter, we first introduce existing availability and reliability measuring metrics
that are prevailing in wireless networks. Second, we extend our discussions with a de-
pendability theory based perception. Thereafter, a discussion on space and time domain
availability is presented. Then, the outline of Paper D on Part II is provided.

5.1 Evaluating Availability and Reliability of a Wire-
less Network

The availability and reliability levels provided by a network to end users are two major
key performance indicators of a wireless network. In general, the reliability of a wireless
system from a conventional reliable communication point of view is measured by metrics
such as bit error rate and packet delivery ratio. The number of bit errors is the number of
received bits of a data stream over a communication channel that have been altered due
to noise, interference, distortion, or bit synchronization errors. Bit error rate is defined
as the number of bit errors occurred during a unit time. Packet delivery rate is the ratio
between the number of packets delivered successfully at the intended receiver and the
total number of packets sent from a transmitter to a receiver in the network during a
given period of time.

According to the 3GPP [57], reliability can be evaluated by the success probability
of transmitting a certain number of bytes within a certain delay. The 3GPP has set a
general URLLC reliability requirement for one transmission of a packet as 1 — 107> for a
packet size of 32 bytes with a user plane latency of 1 ms.

In 5G, URLLC services such as high-precision robot control, autonomous vehicles,
factory automation over wireless links demand ultra-high reliability levels. The number
1—107" is based on packet delivery ratio and this metric inherently assumes the availability
of the network and mainly considers the reliability and latency aspects. Concurrently,
5G is expected to provide anytime and anywhere communications to end users. For
facilitating such communications, a service should be available in both time and space
domains.
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Figure 5.1: Illustration of operational state variation of a repairable system [59].

5.2 Dependability Theory Basics

Dependability is the ability of a system to operate as it is specified regardless of errors and
to deliver intended level of services to its users [7]. Dependability theory deals with two
types of systems, repairable and non-repairable. A repairable system is the one which can
be restored to intended operation by taking necessary repair actions such as replacement of
failed components or modification of configurations. In non-repairable systems, a system
cannot be restored after the first failure. A failure is an event when a system transits
from its specified operational state to a state where it cannot perform the intended level
of services. Repair is the opposite transition of going back to the intended performance
state from a failed state.

5.2.1 MUT, MDT, MTBF, and MTFF

Fig. 5.1 represents a repairable system with the system transferring from operational
state to a failed state and vice versa. The mean time the system performs as intended is
denoted as mean up time (MUT). The mean time that the system stays in the failure state
is denoted as mean down time (MDT). For repairable systems, the mean time between
failures (MTBF) is the mean time interval between two consecutive failure events.

On the other hand, the mean time to first failure (MTFF) is the time interval between
the starting time of operation and the time instant when the first failure occurs. This is
the main reliability measure for non-repairable systems.

5.2.2 Reliability and Availability

Moreover, the availability of a system can be analyzed mainly in two ways, i.e., instanta-
neous (point) availability and steady state availability. Instantaneous availability, denoted
as A(t), is the probability that the system is operating properly and is available to perform
its functions at a specified time t, i.e.,

At) = P(Y(t) = 1) = E[Y (1)), (5.1)

where Y'(t) has binary values either 1 or 0, as Y (¢) = 1 if the system is operating at time
t, and Y (t) = 0 otherwise [58]. The steady state availability, Agg, can be obtained as the
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average availability over a sufficiently longer period of time and it is expressed as

MUT

Agg = .
ST MUT + MDT

(5.2)

The reliability of a system is defined as the probability that a system will perform its
intended functions without failure for a given interval of time under specified operating
conditions [60].

5.3 System Level versus End User Availability in Time
and Space Domains

From a network operator’s perspective, it is essential to have a metric to measure anytime
and anywhere operation of their networks. Such a measure would allow operators and
their end users to benchmark different operators and to make comparisons among the
services provided. For a credible claim of providing anytime and anywhere operation,
a bG network should be, regardless of its location and/or time, available to any end
user for successful communication. The anytime component of such communications
can be evaluated by using a time domain metric such as the instantaneous or steady
state availability presented above. On the other hand, space domain availability is often
overlooked and it is assumed to be present when reliability is evaluated.

As an effort from our research group, the authors in [61] first introduced a dependabil-
ity theory based availability concept on space domain availability. The definitions on cell
availability and system availability were presented and the availability as well as the prob-
ability of providing a guaranteed level of availability in a network were analyzed. That
work was further extended in [62] and further system reliability analysis was performed
therein by considering signal to interference ratio as a reliability measure. Additionally,
several recent studies have contributed towards the development of this research area.
In [63], system reliability was investigated from the viewpoint of space domain consid-
ering regular, irregular, and hybrid grid construction methods. In another work related
to space domain analysis, [64] defined metrics for cell availability, system availability,
individual user availability, and user-oriented system availability targeted at a cellular
network.

While the above studies focused on space domain availability, we introduced a per-user
availability metric combining both space and time domain parameters in our study [65].
That work is further consolidated with analysis considering user mobility and reliability
impairments in Paper D of Part II. Therein, channel unavailability due to channel occu-
pied or failed status is considered as a reliability impairment that decreases the network
reliability and availability for a new user. [66] introduced another novel reliability metric
that indicates the reliability level for downlink transmissions considering both time and
space domain parameters. Similarly, in [67], the authors also presented availability and
reliability metric definitions considering both spatial and temporal availability by taking
into account the probability to achieve a targeted SIR threshold with a given confidence
level to represent spatial reliability. Therein, the temporal availability was investigated
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through a space availability driven channel access scheme and thereby, coupling the rela-
tion between spatial /temporal availability and reliability.

5.4 QOutline of the Study in Paper D

Compared to the other parallel studies which mainly focused on system level availabil-
ity [4], Paper D of Part II instead investigates in the per-user availability experienced
by end users. We also analyze the impact of reliability impairments in both spatial and
temporal domains and introduce a mobile user to reflect both the anytime and anywhere
aspects. In the following, we discuss the main elements of the study in Paper D.

In Paper D, the proposed end user availability metric is evaluated under the presence
of reliability impairments and user mobility. We consider error-prone channels together
with channel occupancy status as examples of reliability impairments. The study consists
of the following main tasks and will be elaborated further in separate subsections below.

e Representing node distribution of a multiple cell heterogeneous network using a
Poisson point process (PPP).

e Reflecting user mobility via two different mobility models.

e Representing reliability impairments with channel impairment and modeling channel
status behavior with a Markov chain.

e Proposing cell selection criteria at cell intersection areas.

5.4.1 Modeling Heterogeneous Multi-cell Network

To model a multi-cell cellular network, stochastic geometry which is a popular tool for
modeling different aspects of wireless networks is applied. In particular, spatial point
processes are adopted to model the distribution of locations of network nodes within a
given geographic area. While spatial point processes are used for modelling both user
and base station distributions, we do not focus on modelling user distributions in this
study. The network nodes in our context refer to base stations which are assumed to be
represented by points in the Euclidean space and they form a spatial point process.

Particularly, PPP is adopted to model the locations of network nodes in wireless net-
works due to its complete independence among points. A PPP represents a set of nodes
distributed with a constant node density A. Furthermore, there are several other point
processes that also consider node repulsion. For example, if we consider the locations of
base stations in reality, two base stations from the same network operator may not be
placed very closer to each other. Therefore, other point processes like Ginibre point pro-
cess and determinantal point processes take into account the repulsion between network
nodes represented by the repulsion among the points [68].

Nevertheless, in Paper D, we employ a PPP to model the locations of base stations
due to its tracebility as well as wide applicability. In general, cell coverage could change
based on factors like different transmission power levels and antenna heights. Therefore,
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Figure 5.2: Mobile user at a point intersected by two cells.

we consider a heterogeneous multi-cell scenario where the cell coverage areas could differ
cell wise.

5.4.2 Modeling User Mobility

Mobility models characterize the movements of mobile users with respect to their loca-
tions, velocities and directions over a period of time. There are several mobility models
available to represent user mobility. Among them, random walk, random waypoint, and
random direction are popular models for user mobility [69]. In our study, we employ two
mobility models. The first one is a customarily designed model to represent the movement
of a user from the origin A(0,0) depicted in Fig. 5.2 to the B point at the upper corner of
the diagonal. The user may take different paths based on the angle with the x axis. In the
second model, we adopt the random direction model which is a variant of the well-known
random way point model within a rectangular area.

5.4.3 Reliability Impairments and Modeling of Channel Status

As mentioned in Subsection 5.2.2, the reliability and availability of a network could be
impaired by several factors known as reliability impairments. These include factors like
excessive interference, resource constrains, and system failures which need to be addressed
when evaluating the URC level provided by a network operator.

In this study, channel unavailability is modeled as a reliability impairment. Ideally, a
user would prefer a channel to be available whenever a service is required and the channel
to successfully deliver the intended communication task. In reality, however, an incoming
user may experience channel congestion due to resource limitations. On the other hand,
although a channel is available, the communication process could still be affected by poor
channel conditions and failures. Therefore, such channel conditions are also regarded as
reliability impairments in our model.
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In order to model channel status, a discrete time Markov model consisting of three
states is constructed. In our model, states represent the status of being idle, busy, or
failed channel. A channel is regarded as available to a new user only when it is in the idle
state. Otherwise, it is considered to be an impaired channel in view of the new user.

5.4.4 Cell Selection Criteria for Cell Intersection Areas

In a multi-cell deployment within an area of interest, a mobile user may come across areas
where it will be served by more than one cell. In such a situation, the end user needs
to select one specific cell which it will be associated with. As depicted in Fig. 5.2, the
user at the position (z,y) is currently covered by two cells and can be served by both
of them. Based on the proposed availability metric, we propose three different strategies
and criteria for the user to make this decision. While the first two strategies are mainly
focusing on the availability for a new user, the third strategy emphasizes the reliability of
ongoing sessions. Since end users have different availability and reliability requirements,
it is reasonable to assume that end users can make a decision of cell association based on
the input from base stations.

The first strategy is to select the cell with the highest steady state probability at
the idle state. This strategy enables higher probability for a new user to access the cell.
Therefore, a mobile user at an idle user state (without an ongoing voice or data session)
would prefer to associate with this cell.

In the second strategy, the cell with the lowest state holding time at the failed state
will be selected. Specifically, the state holding times are considered for such a decision
making process. By doing so, the strategy aims to minimize the time spent on a failed
state if any failure occurs. In other words, the cell status would be quickly transitioned
from a failed state to an idle state thereby giving more opportunities for the user to
communicate.

As the third strategy, the cell with the lowest occupied to failed transition probability
will be selected. This strategy is designed by considering the reliability preference of
ongoing communications. For an ongoing session, it is preferable to select a cell which is
least likely to fail. As such, maximum reliability for ongoing traffic can be reached.

5.5 Chapter Summary

In this chapter, we first provide requirements and existing approaches for user reliabil-
ity and availability measurement in wireless networks. Thereafter, a basic overview of
dependability theory concepts is provided. Thereon, we present a summary of system
level versus end user availability evaluation approaches from the literature followed by an
outline of the work performed in Paper D.
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Chapter 6

Conclusions and Future Work

This final chapter is organized into three sections. The first section presents the con-
clusions of the work presented in this dissertation. Afterwards, the main contributions
of this thesis work are highlighted. To continue the research work relevant to the issues
addressed in this thesis towards beyond 5G networks, a few potential research directions
are pointed out.

6.1 Conclusions

5G NR facilitates various futuristic application scenarios with stringent requirements.
The advent of 5G has initiated a surge of research interests in many areas, within and
beyond wireless and mobile communications. In this dissertation, we endeavor to answer
several research questions related to the URLLC and mMTC technological directions in
5G NR networks. Our major focus lies on initial access approaches for 5G medium access
based on both GB and GF communications. In addition, we also make efforts on traffic
arrival predictions and user availability evaluation. The following major conclusions can
be reached from the research work performed in this dissertation.

Firstly, the proposed GB access schemes that employ device grouping or/and RA
resource grouping techniques facilitated by the flexibility offered in the 5G NR frame
structure exhibit superior performance in comparison with the legacy LTE-A RA proce-
dure. Thanks to the benefits obtained through grouping, the proposed schemes enable
reliable initial access with lower latency for critical mMTC devices with URLLC service
requirements. Meanwhile, the performance of other non-grouped or non-URLLC devices
is also improved as a consequence of reduced competing devices achieved through the
grouping process.

Secondly, the proposed DSA-GF scheme enables service differentiation for heteroge-
neous traffic arrivals facilitating priority access to HPT devices without starving LPT
access opportunities. The proposed 2D Markov chain accurately captures the dynamic
behavior of the scheme. The performance evaluations and comparisons with traditional
GF schemes reaffirm the advantages of the DSA-GF scheme with respect to throughput,
delay, and packet loss.

Thirdly, the proposed supervised learning based arrival prediction model instigates a
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novel approach based on the detected data patterns at a gNB in order to identify bursty
traffic arrivals in an mMTC scenario. This capability enables the gNB to proactively and
dynamically allocate preamble resources to various priority device groups. Consequently,
the impact of bursty traffic arrivals on priority devices is diminished compared with that
in traditional LTE-A based schemes.

Finally, the study proposes a metric to measure end user availability when both time
and space domain reliability impairments are considered. Such a metric provides a valu-
able performance indicator when evaluating the anytime and anywhere performance of
5G networks.

6.2 Contributions

The main contributions of this dissertation are summarized as follows.

e Three GB initial access schemes are proposed. The DGDP, RAUG, and hybrid
schemes enable URLLC or high priority devices to access the network with higher
reliability and lower latency through either device or resource grouping by taking
the advantage of the 5G NR frame structure. Through simulation and analysis, the

performance of the proposed schemes in terms of reliability and latency is evaluated
and compared with the legacy LTE-A RA and GF schemes.

e A GF dynamic slot allocation scheme is proposed to enable heterogeneous traffic
access in an mMTC network. The proposed scheme facilitates the co-existence of
high priority and low priority traffic by dynamically allocating the available GF
slots for both traffic types. While the scheme provides better performance for high
priority traffic, it also prevents starvation for low priority traffic. A 2D Markov
chain model that combines the two types of traffic through a pseudo-aggregated
process is developed. The performance of the proposed scheme is evaluated through
both analysis and simulations and compared with two existing GF schemes.

e A machine learning based scheme for bursty traffic arrival prediction is proposed.
The proposed model is capable of predicting bursty traffic arrivals at the base sta-
tion. Based on the prediction, a resource allocation method is proposed.

e An end user availability evaluation metric is developed from a dependability theory
perspective. Based on the metric, the availability of a mobile user is evaluated when
reliability impairments are taken into account. Furthermore, three strategies for cell
selection at a cell intersection area are proposed.

6.3 Future Directions

The work conducted during this thesis work can be extended towards multiple directions.
In the following, we list four potential directions for future research.
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e In Paper A, device grouping and group leader selection were assumed to be per-
formed beforehand to facilitate the proposed DGDP scheme.Therefore, it is worth-
while to investigate and propose device grouping and group leader selection mech-
anisms as extensions to our work. Thereafter, different inter- and intra-group com-
munication schemes and the resulting latency as well as complexities need to be
explored.

e The analysis in Paper B was performed based on an assumption on ideal channel
conditions. For future work, a promising direction is to consider channel impair-
ments and the possibility of multi-user detection at the gNB.

e Artificial intelligence and machine learning are recognized as enabling technologies
for the design and optimization of beyond 5G networks. Therefore, embodying in-
telligence to beyond 5G mMTC/mloT networks by introducing network intelligence
to edge nodes including both gNBs and IoT devices represents another promising
research direction.

e Next generation wireless systems advocate extreme requirements of high reliabil-
ity and lower latency for supporting intelligent services built upon the Internet of
senses and real-time human-machine interactions powered by augmented and vir-
tual reality advancements. Accordingly, joint consideration of reliability and latency
improvements in such a context exhibits another appealing research direction.
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Abstract - At a density of one million devices per square kilometer, the
10’s of billions of devices, objects, and machines that form a massive In-
ternet of things (mlIoT) require ubiquitous connectivity. Among a massive
number of IoT devices, a portion of them require ultra-reliable low latency
communication (URLLC) provided via fifth generation (5G) networks, bring-
ing many new challenges due to the stringent service requirements. Albeit a
surge of research efforts on URLLC and mloT, access mechanisms which in-
clude both URLLC and massive machine type communications (mMTC) have
not yet been investigated in-depth. In this paper, we propose three novel
schemes to facilitate priority-based initial access for mIoT/mMTC devices
that require URLLC services while also considering the requirements of other
mlIoT/mMTC devices. Based on a long term evolution-advanced (LTE-A) or
5G new radio frame structure, the proposed schemes enable device grouping
based on device vicinity or/and their URLLC requirements and allocate ded-
icated preambles for grouped devices supported by flexible slot allocation for
random access. These schemes are able not only to increase the reliability and
minimize the delay of URLLC devices but also to improve the performance of
all involved mlIoT devices. Furthermore, we evaluate the performance of the
proposed schemes through mathematical analysis as well as simulations and
compare the results with the performance of both the legacy LTE-A based
initial access scheme and a grant-free transmission scheme.

Keywords - mloT and mMTC, URLLC, LTE-A and 5G NR, initial access.

A.1 Introduction

While the Internet of things (IoT) is revolutionizing our society at an unprecedented pace,
more recent research and development focus on IoT is shifting towards the direction of
massive [oT (mloT). In parallel with this trend, massive machine type communications
(mMTC), which is an enabling technology for mloT, has been envisaged as one of the
three major use cases for the fifth generation (5G) mobile and wireless networks. Indeed,
the popularity of mloT arises from the ever-increasing data traffic spurred by various
applications ranging from smart cities to mission critical communications in cyber-physical
systems and Industry 4.0 [1]. Consequently, the ever-growing network size, heterogeneity
in applications, and energy constraints pose various new challenges for mloT related
research [2]- [4].
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Together with mMTC, enhanced mobile broadband (eMBB) and ultra-reliable and low
latency communication (URLLC) are the other two use cases for 5G applications. The
current standardization activities led by the 3rd generation partnership project (3GPP)
focus mainly on eMBB, which represents an evolutionary path from long term evolution-
advanced (LTE-A) in order to provide ultra-high data rates to end users for applications
like high resolution video streaming. Meanwhile, there is a surge of research interests in
mloT/mMTC and URLLC from both academia and industry [5]- [9]. For mIoT/mMTC
applications including automated energy distribution in a large smart grid, control of
large-scale industrial processes, and surveillance of critical infrastructure, how to provide
medium access to a huge volume of devices appears as a challenging task. In contrast
to eMBB, the URLLC use case focuses on achieving ultra-high levels of reliability and
low latency for futuristic scenarios like remote surgery, remote monitoring and control,
as well as augmented and virtual reality [9] [10]. For many applications, it is expected
that the reliability level reaches 99.9999% or higher and the device to network latency
becomes less than 1 ms [10]. However, achieving stringent URLLC in 5G is extremely
challenging especially when considering that ultra-reliability and low latency represent two
contradictory requirements. For instance, achieving high reliability requires parity check,
coding or link redundancy, and packet retransmissions which in turn increase latency [9].

Addressing these mIoT and 5G challenges calls for novel approaches for system devel-
opment and protocol design. Although a lot of work on eMBB has been done, URLLC
and mloT/mMTC are expecting more innovative contributions from the research com-
munity. Among others, one of the most paradoxical research questions to be answered
is how to satisfy service requirements when both mloT/mMTC and URLLC are jointly
taken into consideration. This point is especially important for initial access of IoT de-
vices which occurs before actual data transmissions. It is known that existing LTE/LTE-A
based random access (RA) procedures are inefficient when there are a large number of
device arrivals simultaneously, due to the constraint of a limited number of preambles
or/and radio resource blocks for uplink or downlink traffic [2]. Although numerous initial
access schemes have been proposed for fourth generation (4G) networks, the problem be-
comes more complex in 5G new radio (NR) since 5G NR Phase 1 is more advanced but
still based on orthogonal frequency division multiple access (OFDMA). In an mIoT net-
work, when traffic volume is high especially under bursty traffic conditions, the number
of attempts for initial access could rise substantially, leading to high collision, low access
success probability, and correspondingly increased latency. As such, it is imperative to
develop customized solutions in 5G for devices that require URLLC access among mloT
devices.

In this paper, we propose three initial access schemes addressing the aforementioned
research question. Considering a large number of mIoT/mMTC devices covered by a
cell, we focus on providing ultra-reliable and low latency access for a portion of devices
that require URLLC services. The proposed novel schemes utilize device grouping and
resource grouping for low latency communications based on the LTE-A or NR frame
structure. Furthermore, the performance of these schemes is analyzed mathematically
based on an existing comprehensive model which was initially developed for LTE traffic
but with our extension to fit the proposed schemes in our envisaged LTE-A and NR
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scenarios. FExtensive simulations are performed to validate the model and compare the
performance of our schemes with that of three existing schemes.
In brief, the main contributions of this paper are summarized as follows.

e Three initial access schemes are proposed with the aim of providing services for
mMTC! devices in two scenarios with location-bounded and location-spread URLLC
devices, respectively. These schemes are specifically designed considering bursty
traffic arrivals, posing a worst case scenario for devices sharing resources for initial
access.

e Based on the advanced features of numerology and the frame structure in NR, a
novel RA slot allocation method which enables flexible URLLC grouping is proposed.
Accordingly, collisions among URLLC access contentions and latency are minimized.

e The performance of the proposed schemes is evaluated through analysis and simu-
lations by taking into account a massive number of devices contending for network
access and compared with the performance of both the existing LTE-A RA scheme
which serves as a baseline scheme and with a grant-free (GF) transmission scheme.

The rest of the paper is organized as follows. Sec. A.2 summarizes the related work.
Then, Sec. A.3 provides preliminaries to help readers better comprehend the work pre-
sented in the paper. In Sec. A.4, the network scenarios and assumptions are presented. In
Sec. A.5, the proposed schemes are explained in details, followed by performance analysis
in Sec. A.6. Thereafter, Sec. A.7 illustrates the numerical results. Finally, the paper is
concluded in Sec. A.8.

A.2 Related Work

As an enabling technology for mloT operation in licensed bands, mMTC follows the pro-
cedures defined by 3GPP. Since these procedures are highly relevant to the work presented
in this paper, we first outline existing solutions for RA channel (RACH) congestion avoid-
ance for initial access that occurs prior to data transmissions in LTE-A and 5G NR and
then introduce a few mathematical models for LTE-A RA process performance evaluation.

A.2.1 RACH Congestion in LTE-A: Initial Access and Solutions

A main constraint of the LTE-A RA process is the limited number of preambles available
in a cell, e.g., 64 preambles within one RA slot (to be clarified in Sec. A.4). Out of these
64 preambles, a certain amount, typically 10, is reserved for contention-free transmissions
while the rest is shared by other devices. RA collision occurs when multiple devices select
the same preamble to transmit in the same RA slot (to be clarified in the next section),
causing unsuccessful detection of transmitted preambles at the evolved nodeB (eNB) [13].
This in turn results in an increased number of retransmissions, further escalating the
problem.

'In the rest of this paper, the terminologies, IoT and MTC, or mIoT and mMTC, are interchangeably
used.
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In [2] [41], 3GPP recommended several solutions to resolve this problem. Two of
the most popular approaches are access class barring (ACB) and extended access baring
(EAB) [41] [14]. Initially, ACB provides an effective access control mechanism in order
to prevent potential overload of a network. In ACB, devices are classified into multiple
classes with different priority levels. An eNB broadcasts the configuration information
periodically through the master information block (MIB) and system information block
(SIB) messages. Via SIB Type 2 (SIB2), the eNB broadcasts the current ACB configu-
rations including a barring rate and a barring timer to guide various classes of devices
to run a random access procedure in case of possible network overload. When a device
intends to access the channel, it will pursue a random access procedure if its selected
random number is lower than the barring rate. Although ACB provides higher priority
devices with higher access probabilities, it does not guarantee their access privilege [15].
This is because ACB schemes still follow contention based access and collisions could still
happen for example when there are too many high priority devices.

The performance of ACB schemes may vary with different parameter configurations.
In [32], an ACB scheme for dealing with physical RACH (PRACH) overload was studied
and the impact of its configuration parameters on network performance was analyzed.
In [33], an optimal ACB control and resource allocation scheme to acquire system capacity
under a limited total number of resource blocks was proposed.

Furthermore, in order to prevent overload of the network, EAB introduces another
more restrictive method to control access attempts from devices that can tolerate more
access restrictions for instance MTC devices which can tolerate longer delays. EAB pro-
vides a deterministic access control mechanism, preventing devices belonging to certain
types access classes from obtaining access [1]. If congestion occurs, the network could
restrict the access of these classes of EAB devices while still allowing access from other
EAB devices specified through the advertised SIB messages and ACB devices according
to the barring rate [2].

On the other hand, in both ACB and EAB, the detection of traffic conditions by
an eNB is performed in a reactive manner and devices also behave passively based on
the received SIB messages. Although these schemes improve the access success of higher
priority devices, such behavior will cause additional delays which are detrimental for
achieving low latency communications, especially upon the arrival of a traffic burst.

In addition to ACB and EAB, [2] has also proposed several other schemes. For in-
stance, an MTC specific backoff approach introduces separate backoff times for MTC
and human type communication (HTC) traffic by assuming that HTC traffic always has
higher priority. However, when it comes to URLLC, we cannot prioritize HTC traffic
over MTC traffic as both types will have similar importance levels. Other approaches in-
clude slot based and pull based access or eNB initiated access. For uplink URLLC access,
however, these approaches may not be efficient since URLLC devices cannot wait until
the eNB has initiated a communication process. In [45], the coexistence of scheduled and
non-scheduled URLLC services and the difficulties for achieving stringent latency require-
ments under such a scenario were discussed. Furthermore, grouping based methods have
also been studied for collision avoidance in LTE-A RA. In [16], a grouping based method
was proposed to diminish collisions at the eNB. Using this method, all group devices
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send their data to a group coordinator based on device-to-device (D2D) communications
and group coordinators transmit uplink data following the standard 4-step RA procedure.
This scheme was further analyzed in [17]. Recently, a compressed sensing based RACH
protocol was proposed in [18].

Furthermore, cluster based access schemes were proposed in [35] [36] to mitigate po-
tentially severe collisions of MTC devices that access to an eNB concurrently. In another
study performed in [37], spatial group based reusable preamble allocation was proposed.
According to clustering-reuse preamble allocation proposed in [36], complementary pream-
ble sets are allocated to clusters with similar distances and the same preamble set is al-
located to clusters that are far away. In [38], a cluster based group paging scheme for
congestion and overload control was proposed. This method is based on IEEE 802.11ah
by collecting the sensed data from MTC devices and upload data to the LTE/LTE-A
cellular network. However, 802.11ah limits the number of devices.

In a nutshell, although many schemes have contributed to a large extent RACH con-
gestion avoidance, most of them are targeted at LTE-A networks without considering
the stringent low latency requirements for URLLC services. Despite much progress, the
performance gap for RA in terms of providing ultra-high reliability and low latency si-
multaneously in mMTC networks remains largely unresolved and calls for more research
efforts.

A.2.2 Initial Access for 5G NR

For medium access in NR Phase 1, an OFDMA based RA scheme similar to the LTE-A
RA scheme was recommended [3] [20]. Its main difference in comparison with LTE-A
is the introduction of beam steering techniques for synchronization in higher frequency
operations, as further discussed in Sec. A.3 below. Additionally, the NR frame structure
with shorter transmission time intervals (TTIs) ensures faster RA process and allows more
flexible numerology [22] [20]. In general, with proper parameter tunning, the ACB and
EAB mechanisms presented above which are initially designed for LTE/LTE-A are also
applicable to NR Phase 1 initial access.

Additionally, there have been numerous access schemes proposed for 5G NR. Among
them, [23] proposed a contention based access scheme by allowing multiple transmissions
of the same packet in consecutive TTIs. By deducing the optimal number of consecutive
transmissions, the low latency and high reliability requirement can be satisfied. Another
type of popular approaches is grant-free access, also known as configured grant [7] [25], in
which devices are allowed to transmit their data messages without following the standard
grant based (GB) process [24] [8]. In [24], a GF radio access scheme was proposed for
low complexity IoT devices where highly reliable access with bounded delay was achieved
with long battery lifetime. Accordingly, devices directly transmit their data packets in
pre-configured grant-free slots defined by the next generation NodeB (gNB). Rather than
waiting for an acknowledgment (ACK) or negative ACK (NACK) message which takes
additional time, a device may transmit replicas of its message up to k times in randomly
selected k£ GF slots within a subframe for achieving high reliability and low latency.
When multiple devices transmit at the same time, different techniques like successive
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Figure A.1: Tllustration of (a) the 2-step access procedure for UDs and (b) the 4-step access
procedure for LTE-A, NGDs, UDs, and NUDs.

interference cancellation (SIC) can be employed to cancel out interference and detect
data associated with a specific user. However, GF' transmissions are targeted at small size
data packets with sporadic arrival patterns [1]. When a large number of devices transmit
at the same time, grant-free access could result in high collision probability and increased
delay considering the additional time required for resolving collisions [7]. As such, how
to ensure URLLC in 5G NR based mloT networks remains as an open research question.

A.2.3 Modelling LTE-A RA Process

Modeling precisely an LTE-A RA procedure is not an easy task. As mentioned in Sec.
I of [28], the performance evaluation of RA schemes is oftentimes conducted by means
of simulations due to the fact that the RA procedure of LTE-A is difficult to model an-
alytically. Among the research efforts reported in the literature, [29] provided a model
with a focus on the first preamble transmission. Although few other analytical models
that consider the complete RA process exist, the accuracy of these models needs to be
improved when comparing with simulation results. In [43], a general model to analyze
the performance of the RACH procedure was proposed and validated via simulations,
focusing on the case of highly synchronized MTC traffic. Furthermore, an in-depth re-
view on the accuracy of existing models was presented in [28]. However, most of these
models have ignored access delay which is a key performance indicator. This aspect is
especially important in the case of URLLC since the latency performance needs to be
properly analyzed. [8] presented a comprehensive analytical model for performance eval-
uation of the LTE based RA process which also serves as the basis for our performance
analysis presented later in Sec. A.6. Therein, the authors adopted Stirling numbers of the
second kind to derive an exact expression for the probability distribution of the number
of successful preamble transmission attempts over multiple RACH slots. Moreover, the
drift approximation was used to model a complete and detailed LTE RA procedure based
on a 3GPP standard [7].

Furthermore, it is worth mentioning that the schemes proposed in this paper differ from
existing work in several ways. Firstly, a salient feature of this work is the consideration of
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both mMTC and URLLC requirements that is largely overlooked in most other studies.
Secondly, the proposed schemes are built on top of the LTE-A or NR based RA procedure
and we advance the state-of-the-art techniques by introducing priority based grouping
approaches for initial access of URLLC traffic. Thirdly, unlike other existing priority
based approaches for instance ACB and EAB, which do not provide guaranteed access
with low latency, our schemes ensure access privilege based on device grouping or RA slot
grouping, providing URLLC devices with guaranteed or highly probable access. Lastly,
while most other schemes like ACB and EAB follow a reactive principle as mentioned
above, our schemes behave in a proactive manner which is beneficial for achieving low
latency and the parameters are reconfigurable. By proactive, it is meant that device
grouping is performed in an intended manner and a dedicated preamble is assigned to
each group leader. The parameters involved in this procedure, e.g., number of devices in
each group, are configurable, however, over a comparatively long period much larger than
a MIB or SIB cycle.

A.3 Preliminaries

This section provides preliminaries that form the bases for the schemes to be presented
in the rest of this paper.

A.3.1 RA Process in LTE/LTE-A and 5G NR

An RA process occurs when devices require initial access, e.g., upon network deployment
or update, or transition from an idle mode to a connected mode. Such an RA process
needs to be performed for initial access, after a signaled disconnection from the gNB,
or a device has just woken up from the power saving or sleep mode. The LTE/LTE-A
RA process recommended by 3GPP consists of the exchange of four handshake messages
between a device and its associated eNB, as illustrated in Fig. A.1(b).

e Step 1 (Msgl1): Preamble transmission. Whenever a device needs to communicate
with an eNB, it first selects an RA preamble from a set of available preambles
and transmits it in the next available RA slot. An RA slot is a subframe within
which devices are allowed to send their selected preambles. It is defined by eNB and
broadcast periodically over paging cycles via the SIB2 messages.

o Step 2 (Msg2): Random access response (RAR). When the eNB receives pream-
ble transmissions without collision, it transmits Msg2 in the handshake process.
Through RAR, the eNB schedules uplink resources for the transmission of the
next message. Additionally, RAR contains also information about the detected
RA preamble sequence, for which the response is valid, timing advance details, and
a cell radio-network temporary identifier (C-RNTT) for further communication of a
particular device.

e Step 3 (Msg3): Radio resource control (RRC) connection request. Using the received
C-RNTT and uplink resources, the device transmits its RRC request to the eNB
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the second proposed initial access scheme.

based on the uplink radio resources assigned by the RAR message. Msg3 includes
the device temporary C-RNTI which is used for contention resolution in the fourth
step.

e Step 4 (Msg/): RRC connection response. Devices receive the RRC setup message
from the eNB. Only the devices which have their transmitted and received identities
matched in Msg3 and Msg4 declare their RA procedure to be successful. After this
step, the four-step handshake procedure for initial access is complete. Then devices
and eNB perform data transmissions based on the C-RNTT of each device.

In case that there is more than one device transmitting the same preamble, a collision
occurs and the competing devices may not receive the corresponding RAR message. If any
step in one of the four handshake steps fails? the involved device will wait for a random
backoff period from a window of size wpo and repeat the RA process by retransmitting
an RA preamble. The maximum number of transmissions allowed is limited by a given
number, npr.

In 5G NR, the initial access procedure between a device and its associated gNB is
similar to the one employed in LTE-A when operating in the sub-6 GHz frequency range,
often referred to as frequency range 1 (FR1). For frequency range 2 (FR2), which includes
frequency bands from 24.25 GHz to 52.6 GHz, the initial access involves procedures for
cell search and synchronization using beam sweeping [20] [20]. However, to study these
physical layer details is beyond the scope of this paper.

A.3.2 5G NR Frame Structure and Numerologies

NR introduces novel scalable numerology and frame structure with the aim of facilitating
the expected capacity and latency requirements in 5G. In contrast to the 15 kHz only

2 An unsuccessful message transmission may also occur due to channel impairments for uplink and/or
downlink. This effect is partially reflected in the message error probability expression presented later in
Sec.A.6.
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Figure A.3: (a) Scenario 1: Location-bounded URLLC devices versus (b) Scenario 2: Location-
spread URLLC devices.

option in LTE/LTE-A, NR supports multiple subcarrier spacing. NR defines 15 kHz as
a baseline and introduces 5 numerologies based on subcarrier spacing Af = 2 % 15 kHz
where = 0,1, ...,4 is the numerology index [20]. The radio frame duration in NR is the
same as in LTE/LTE-A, i.e., 10 ms, and one frame consists of 10 subframes each with
1 ms duration, as shown in Fig. A.2. Moreover, one NR subframe may have one or more
slots based on the numerology index. For y = 3 and p = 4 which are used in our study,
the number of slots per subframe would be 8 and 16, respectively. With the increased
subcarrier spacing and a larger value of u, the slot duration reduces according to 1/2*
ms. When p = 3 and p = 4, the slot duration would be 125 us and 62.5 us respectively.
Furthermore, each slot contains 14 (or 12 for extended cyclic prefix (CP)) OFDM symbols.
However, not all numerologies are applicable to any type of physical channels. Instead, a
specific numerology is used only for a given type of physical channels. For more details
about NR numerology, refer to [20] [31].

A.3.3 A 3GPP Model for Bursty Traffic

A bursty traffic arrival process occurs when a large number of [oT devices attempt to
access the same network simultaneously during a short period of time. This is especially
observable under mMTC scenarios where the number of devices could be huge. In [2],
3GPP recommends applying a Beta distribution based arrival process to model the arrival
intensity during bursty traffic arrivals, shown as follows.

AG) = L /t o, (A1)

where A(i) represents the access intensity for a total number of L devices contending in an
RA slot i between time ¢; and ¢; 1. In (A.1), p(t) = (t*H(T — t)°~Y)/ (TP~ Beta(a, B))
where Beta(c, ) is the Beta function with o = 3 and § = 4. T is the total observation
time for traffic arrivals [2].

As an example, we illustrate in Fig. A.4 the numbers of initial arrivals, initial arrivals
plus retransmissions, and successful detections within an RA slot under a traffic burst of
10 sec based on 30k devices and 54 preambles [44]. It is clear that the actual number
of arrivals consisting of both initial arrivals and retransmissions is much higher than the
initial arrivals itself. With such bursty traffic arrivals, the number of devices competing
for access in an RA slot is unusually high and providing URLLC services in such a scenario
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Figure A.4: Number of initial arrivals, retransmissions, and detections in LTE-A random
access for 30k devices with 54 preambles following a bursty arrival process [44].

is a challenging task since GF based access schemes which were discussed in Subsec. A.2.2
above would result in high collisions. For this reason, the proposed schemes in this
paper focus on grant-based initial access instead of GF transmissions and radio resource
allocation. Later on in Subsec. A.7.6, we provide a brief comparison of our schemes versus
a GF scheme.

A.4 Network Scenarios and Assumptions

The envisaged network scenarios in this work are inspired by the futuristic cyber-physical
mloT applications recently presented by 3GPP in [10]. In many such applications, devices
are battery powered with power saving mode enabled. Upon the occurrence of a mission
critical event, for instance, it is likely that many devices will require initial access at
almost the same time leading to a traffic burst as presented above.

In this study, we consider that all devices are covered by one cell although some of
them may lie comparatively far away from the eNB and that proper preamble formats
are allocated to all RA slots [40]. For each scenario, there are L number of IoT devices
within the coverage area of an eNB or a gNB? and ¢ number of preambles that can be
allocated to this cell in a given RA slot. The number of orthogonal preambles that can be
allocated in a given RA slot depends on the cell coverage [39]. According to [7] [40], there
are 64 preambles that can be allocated in a cell with a coverage radius of 7.4 km and a
delay spread of 6 pus and these preambles are designed to be orthogonal to each other.
Scenario 1: Location-bounded URLLC Devices. Although a large number of
mMTC devices are deployed across a cell, a set of devices in the immediate vicinity of
a point of interest are monitoring the same natural or physical phenomenon, e.g., for
process automation within a service area of 100 m x 100 m as given in [10].

3For the rest of this paper, the abbreviations eNB and gNB are interchangeably used as both
LTE/LTE-A and 5G NR Phase 1 follow the same procedure for initial access.
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In this scenario, we categorize the total population of L IoT devices into vL grouped
devices (GDs) and (1 — 7)L non-grouped devices (NGDs) where 7 is a scalar with 0 <
~v < 1. The traffic generated by loT devices could be deterministic periodic, deterministic
aperiodic, or non-deterministic [10]. In this work, we focus on a case where devices
abruptly require uplink access after sensing an event triggered in a non-deterministic
and bursty manner, thus representing a worst case scenario among the aforementioned
traffic types. Accordingly, the GDs require URLLC access while NGDs still generate
traffic but without demanding URLLC services. Although semi-persistent scheduling for
URLLC access is another option, it may not guarantee the required performance due to
the stringent delay requirements especially when the number of URLLC devices is huge.
Furthermore, maintaining semi-persistent scheduling for a massive number of devices is
rather difficult and costly as mMTC traffic is often sporadic. For this reason, we propose
to reserve merely a small amount of resources (preambles) for grouped devices and obtain
the necessary amount of uplink resources for all other group devices through group leader’s
communications with the gNB (to be clarified in the next section).

Furthermore, we assume that device grouping including group leader selection is per-
formed beforehand based on a specific criterion, e.g., the functionality or geographic
proximity of the IoT devices. Device grouping is reconfigurable, however, over a compar-
atively long period much longer than a SIB2 cycle. A triggering event would be detected
by all IoT devices in the same group including the group leader. All the GDs that sensed
the triggering event need their measurements to be transmitted to the gNB as each device
may report a different facet of the same event. Once a preamble is received, the gNB is
assumed to have enough radio resources to allocate to all these grouped devices.

The rationale of the above assumption is as follows. Although the amount of available
physical downlink (PDCCH) resources is always limited in reality, the flexibility provided
by NR enables the use of more PDCCH resources compared with that of LTE-A. Based
on the NR numerology and frame structure presented above and the flexibility provided
for PDCCH scheduling [20], more downlink control information (in terms of both infor-
mation volume and broadcast interval) can be transmitted via PDCCH within a given 5G
NR subframe compared with what is possible in LTE-A. Moreover when considering the
privilege of URLLC traffic, it is common in the literature to employ techniques such as
preemptive scheduling which provides immediate downlink resources to URLLC traffic by
overriding parts of already assigned resources for eMBB or another type of lower priority
traffic. Such a mechanism is justifiable considering the stringent latency requirements of
URLLC devices. Accordingly, we may introduce a potential solution which combines pre-
emptive scheduling with the NR frame structure to accommodate extra PDCCH resources
to URLLC traffic. In this way, resource constraint which might appear as a bottleneck to
complete the initial access procedure could be abbreviated.

Scenario 2: Location-spread URLLC Devices. Consider another scenario where
the IoT devices that require URLLC services are not confined to certain areas within the
coverage but could be spread anywhere across the cell. The devices in this scenario could
be process monitoring devices which are static or mobile robots which are non-static [10].
Among these L devices, a certain portion, i.e., nL where n is a scalar with 0 < n < 1, of
devices are considered to require URLLC services whereas the remaining (1 —n)L devices
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do not have such a requirement. Hereafter, these two categories of IoT devices are denoted
as URLLC device (UD) and non-URLLC device (NUD), respectively.

Further Clarification: Different from GDs in Scenario 1 which are restricted to certain
small areas, UDs in Scenario 2 could be distributed geographically throughout the cell.
During the bursty traffic arrival duration, all these devices are considered to be active, i.e.,
having at least one packet to transmit. The portions of devices which belong to GDs or
UDs, i.e., v and 7, are determined by the eNB as a compromise of performance (collision
probability, delay, etc.) and configurable parameters. Since these values are configured
periodically and the gNB needs to inform all devices about any update, extra signaling
overhead is expected. However, to study such extra overhead is beyond the scope of this
paper.

Furthermore, in both scenarios, a single frequency band is considered. For NR frame
structure based initial access scheme design, the parameter configurations and assump-
tions including numerologies, PRACH selection, and slot scheduling will be explained in
the next section.

A.5 Proposed Initial Access Schemes

Based on the scenarios presented above, we propose three schemes for initial access of
mMTC devices. While the first two schemes are tailored to the two scenarios (device
grouping with dedicated preambles (DGDP) for scenario 1 and RA-slot based URLLC
grouping (RAUG) for scenario 2), respectively, the third one combines the merits of the
first two schemes and applies to both scenarios.

A.5.1 Device Grouping with Dedicated Preambles

The main feature of the DGDP scheme is that GDs obtain access privilege to the network
through a contention-free 2-step scheme [8], as illustrated in Fig. A.1(a) and explained
below. Meanwhile, NGDs follow the legacy LTE-A 4-step contention based RA procedure,
as shown in Fig. A.1(b). It is expected that a 2-step RACH scheme will bring benefits
to channel access in terms of both reduced latency and lower overhead. Although 2-step
RACH approaches are presently under discussion within 3GPP, the current draft [46] does
not state which type(s) of traffic should apply the 2-step scheme.

A.5.1.1 Access scheme for grouped devices

Consider a single group as an example. At the initial network deployment phase, devices
communicate and register themselves with their associated eNB. During the registration
process, the eNB collects information about all IoT devices inside the group and their
location information to infer the required timing advance details. A unique and permanent
address, which is different from the C-RNTI mentioned in Sec. A.3, is allocated to each
device and the group also receives a dedicated preamble for uplink communication to be
used by the group leader. The eNB stores these details in a database for further references.
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Furthermore, a group leader is selected by the eNB based on a given criterion, e.g.,
device battery level, device location, or uplink channel quality among group members. All
group members will periodically communicate with the eNB and the updated information
will be used for group leader selection in the next period of time. In other words, the group
leader could be dynamically changed based on the adopted criterion by the eNB and newly
collected information from group members. To tackle a rare case where the group leader’s
preamble transmission fails, e.g., due to uplink channel impairment, the eNB also assigns
a backup group leader. A backup leader may also initiate a preamble transmission if
necessary. The coordination between a serving group leader and the backup group leader
can be performed by various methods with or without the involvement of the gNB. For
instance, we can set a timer which expires after a pre-defined period from an event and
triggers the backup leader to act as the serving group leader. Alternatively, we can assume
an out-of-band D2D communication protocol between the serving leader and the backup
leader. However, to design a protocol or procedure for group leader and backup group
leader selection is beyond the scope of this paper. In what follows, we explain the 2-step
scheme illustrated in Fig. A.1(a).

Step 1 (Msgl1): Event triggered dedicated preamble transmission. Once the deployment
phase is finished, [oT devices enter into the operational stage. In an event where the
observed measurements of [oT devices exceed a pre-defined threshold, a triggering event
will be initiated. We assume that the group leader can sense this triggering event and
correspondingly it immediately transmits its allocated preamble in the next available RA
slot. Other GDs in the same group will not transmit any preamble but they overhear this
transmission and wait for the access response from the eNB. In a rare case if the group
leader does not sense the triggering event, or the group leader’s uplink channel quality
is below the required level, the backup group leader will transmit the preamble after the
timeout duration of the access response has elapsed.

Step 2 (Msg2): Access response from the eNB: When the eNB receives a preamble
that is reserved for a specific group, it identifies the group from the preamble. Since
each group leader in different groups has its own dedicated preamble, this access process
is collision-free. Omnce the eNB identifies the corresponding group which the received
preamble belongs to, it retrieves the information about the registered group members.
The eNB is aware of the immediate access requirement of these GDs. [t then allocates
resource blocks to individual group members based on the addresses assigned during the
registration process. The eNB transmits the relevant timing advance information for
each group member based on the calculations from the registration process so that each
member can adjust their transmission time accordingly for radio frame synchronization.
Since devices are static, the timing advance values would remain the same unless an
update is performed.

A.5.1.2 Access for non-grouped devices

The NGDs inside the same cell follow the legacy LTE-A RA scheme [7] with a 4-step
procedure for initial access as explained in Sec. A.3.1. Since ng preambles are reserved
for ng group leaders, the number of available preambles for NGDs is reduced by ng (where
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ng < ¢), i.e., it becomes ¢ — ng. Concurrently, the number of NGDs competing for the
¢ — ne preambles also shrinks to (1 —-y)L. If a collision happens, the collided devices will
retransmit their preambles after waiting for a backoff interval based on a random number
selected from a uniformly distributed range [0 ~ wpo — 1]. For successfully transmitted
preambles, Msg3 and Msg4 will be transmitted subsequently to complete the RA process
as shown in Fig. A.1(b). In this paper, we do not consider explicitly how a message
transmission could be affected by channel impairment for any specific type of channels
between the gNB and devices. However, the transmissions of Msg3 and Msg4 are subject
to failures as presented in the next section.

As mentioned earlier, the group formation of IoT devices in the DGDP scheme is pre-
defined and the parameters are reconfigurable. While having a higher ng would enable
access for a larger number of grouped devices, the selection of ng and + needs to be
performed carefully to avoid performance degradation of NGDs. Generally, the number of
devices per preamble gives an indication about the possibility of different devices selecting
the same preamble and thereby causing collisions. In LTE-A without grouping, this ratio
is L/¢. In DGDP with ng number of groups and L grouped devices, this ratio is given
by (1 —~v)L/(¢ —ng) for NGDs. In order to improve the performance level that will be
achieved by NGDs without grouping, the following condition must hold

(=9t < £ (A.2)
(¢ —ne) ¢
Reformulating the above inequality into (1 — ) L¢ < L(¢ — ng), (A.2) can be expressed
in a simplified form, as ng < 7¢. This relationship can be utilized when deciding ng and
~ so that the performance of NGDs is not compromised.

A.5.2 RA-slot based URLLC Grouping

Consider now an mloT cell as presented earlier in Scenario 2 where the number of IoT
devices that require URLLC services could be potentially large and their locations may
spread across the cell. In this case, it is prohibitive to assign many dedicated preambles to
these UDs as we did in DGDP since the total number of preambles in cell, i.e., ¢, is very
small. In what follows, we propose another scheme, RAUG, which grants access privilege
to certain devices without assigning dedicated preambles. This scheme is designed largely
based on the NR frame structure and numerology outlined in Subsec. A.3.2.

A.5.2.1 The principle of RAUG

In RAUG, all devices follow the 4-step RA initial access procedure but separate RA slot
resources are assigned to URLLC and non-URLLC preamble transmissions respectively.
As depicted in Fig. A.2, each subframe provides RA opportunities and dedicated RA
slots are reserved for UDs in order to provide them with URLLC access. As mentioned in
Sec. A.4, only a portion of IoT devices, i.e., nL of them, will have URLLC requirements
during a given period of time. Note that although it is possible to form groups with
very small URLLC device population, very little benefit would be observed if the group
size is too small considering the scarcity of the number of preambles. Accordingly, each
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Figure A.5: Tllustration of the format of preamble type Al.

particular device will transmit its preamble only in the assigned RA slot for UDs that is
broadcast by the gNB beforehand and periodically, e.g., via the SIB2 message.

Different from ACB [2], RAUG does not assign any probabilities for any type of devices
to transmit their preambles. In other words, both UDs and NUDs have equal opportunity
when competing for network access, however, through dedicated RA slots assigned inside a
5G NR subframe. Although having a dedicated RA slot for URLLC devices significantly
increases access probability, the time interval between two consecutive RA slots for UDs
needs to be minimized in order to reduce latency. Distinct from the slotted access schemes
presented in [2] where low latency is not a priority concern, the RAUG scheme utilizes
the 5G NR frame structure and numerology concept for the purpose of latency reduction.

A.5.2.2 Frame format in RAUG

To demonstrate the concept of RAUG, we use numerology p = 0 as an example. It corre-
sponds to the 15 kHz subcarrier spacing and each subframe in the radio frame structure
consists of a single slot. Among the 13 preamble formats available in NR, a short sequence
can be used for numerology p = 0 [20]. Fig. A.5 illustrates the preamble format adopted
in this study, known as A1, and the values mentioned therein will be used to calculate the
preamble duration. The value of Lg4, which is the preamble sequence length, is related
to the short sequence while N, and N&4 provide the total sequence length and the CP
length of the preamble in samples respectively. To convert them into seconds, we need to
multiply the given values by T, = 0.509 x 10~% ms where 7T, denotes the basic time unit
in NR.

Denote by term x the ratio between the basic time unit of LTE/LTE-A (7}) and
T.. According to 3GPP [20], it ends up with x = 64. Based on Fig. A.5, the total
duration of preamble format Al is equal to t., + 2 X tsq Where t,, = 288k x 27H =
(288 x 64 x 0.509 x 107%) = 0.0094 ms and ts., = 2048k x 27 = 0.0667 ms. Hence, the
total duration can be calculated as t., + 2 X t5 = 0.0094 4- 2 x 0.0667 = 142.8 us. Note
that this duration is similar to the time duration of two OFDM slots in g = 0 and hence,
the preamble can be transmitted using two OFDM slots including CP. Similarly we adopt
index 106 mentioned in Table 6.3.3.2-2 in [20] for the PRACH configuration in this study.
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As such, it is possible to transmit a PRACH preamble in every subframe.

In order to provide priority to devices with low latency requirements, we introduce an
option to allocate two RA slots inside a given subframe for initial access. This is possible
for specific types of preamble formats available under a given numerology that satisfies
the preamble length and OFDM symbol duration requirements mentioned above. Further
details regarding these formats can be found in Table 6.3.3.1-2 of [20]. Accordingly, their
duration can be calculated similar to the aforementioned calculation. Hence, considering
the above configuration by having two RA slots inside a slot (one slot equals to one sub-
frame for ;1 = 0), both UDs and NUDs obtain an opportunity for an initial access attempt
in every slot. Table 11.1.1-1 in [3] defines which symbols could be allocated for uplink
and downlink transmissions. However, different from the legacy initial access procedure,
the RA slot OFDM symbols in RAUG are different for UDs and NUDs. Correspondingly,
both types of IoT devices can share the same set of preambles in the same subframe, how-
ever, in different RA slots. Furthermore, once the gNB receives a set of preambles in the
URLLC RA slot, it treats these requests with higher priority. Hence, the required timing
for the transmission of remaining messages is reduced.

Further discussions on the distinctions between RAUG and DGDP: Firstly, no prior
grouping based on service types or device location is involved when deciding UDs in
RAUG. UDs could be deployed in any location inside a cell and do not have to share any
common application with their neighboring devices. Furthermore, each UD could perform
its individual task supporting a specific application. Secondly, unlike GDs, UDs need to
transmit the preambles themselves and compete with other UDs for initial access. Thirdly,
UDs do not necessarily need to be static in deployment whereas GDs are considered to
be static for timing advance synchronization purposes needed in the 2-step initial access
procedure. However, different from the legacy RA scheme, UDs do not need to compete
with NUDs since they have their separate RA slots to transmit the selected preambles.
This would ensure better access opportunities for UDs in comparison with devices in the
legacy scheme. Furthermore, unlike NGDs in DGDP which compete for ¢ —ng preambles,
NUDs in RAUG have all ¢ available preambles for access competition in their allocated
RA slot.

A.5.3 Hybrid Scheme (HS)

While DGDP is designed for providing URLLC services for a specific set of GDs, it cannot
be applied to a large number of IoT devices with such requirements. RAUG releases this
constraint by providing high reliability and low latency access for a potentially much larger
number of UDs inside a cell regardless of their locations. However, since RAUG follows a
4-step contention based RA procedure, the achieved reliability and latency could be lower
than what is obtained in DGDP. In this subsection, we propose a hybrid scheme which
combines the merits of the other two schemes proposed above.

More specifically, HS is a combined access scheme in which both device based grouping
and slot based allocation apply. In this scheme, we still have GDs and NGDs but NGDs
are further categorized into UDs and NUDs. UDs will use the first RA slot to transmit
its preambles but still follow a contention based procedure. GDs and NUDs will use the
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Table A.1: Main features of the three proposed schemes.

DGDP RAUG HS
Type of devices GDs, NGDs | UDs, NUDs | GDs, UDs, NUDs
Pre-grouping of devices Yes No Yes
RA slot based grouping No Yes Yes
URLLC enabled for GDs only UD only GDs, UDs
Guaranteed reliability for GDs No for GDs

second RA slot inside the same subframe, however, GDs still have dedicated preambles.
In this way, GDs and UDs can share the same preambles but in different slots. Hence, a
larger number of IoT devices with URLLC requirements can be accommodated via GDs
and UDs while utilizing the benefits of having multiple RA slots inside a subframe.

Accordingly, there will be vL GDs. Among the remaining (1 —v)L NGDs, (1 —~)L
will be UDs and (1 —n)(1 — )L devices will be NUDs. As a result, n(1 —~)L UDs will
compete for ¢ preambles inside the first RA slot in a subframe whereas (1 —n)(1 — )L
NUDs will compete for ¢ —ng preambles in the second RA slot inside the same subframe.

Moreover, it is worth reiterating that the proposed schemes for IoT device initial access
in this paper are targeted at both 4G and 5G NR Phase 1, i.e., OFDMA based networks,
and the operation of RAUG and HS relies on the support of NR numerologies. Enabled
by the flexibility supported through different numerologies in 5G NR, allocating two RA
slots inside one subframe becomes configurable. Meanwhile, reservation of radio resources
is also feasible in both 4G and 5G NR. Therefore, to apply the proposed scheme(s) to a
specific type of 10T technology, e.g., narrowband IoT (NB-IoT), proper parameter tuning
based on the corresponding physical layer specifications is required. In Table A.1, we
summarize the main features of the three proposed initial access schemes.

A.6 Performance Analysis

In this section, the performance of the proposed schemes is analyzed. Recall that a
contention-free 2-step procedure applies to GDs whereas the other types of IoT devices,
i.e., NGDs, UDs, and NUDs follow a contention based 4-step procedure however with
different number of preambles and different number of device arrivals for each type of
devices. Therefore, the same analytical model applies to these three types of devices.
In Table A.2, we summarize the number of IoT devices and the number of available
preambles per RA slot in each type, denoted as L and (/zAS respectively, for our performance
evaluation. The main notations, their meanings, and the respective numerical values*
used in this study are listed in Table A.3.

In the rest of this section, the performance evaluation of GDs is presented first. Then,
an analytical model used to evaluate the performance of NGDs, UDs, and NUDs is devel-
oped. For performance evaluation, three metrics which are recommended by 3GPP [2],
i.e., preamble collision probability, access success probability, and average delay for suc-
cessful transmissions, are selected as our performance metrics.

4In Table A.3, the numbers inside () corresponded to values used by UDs.
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Table A.2: L and ngS values for different type of devices in the three proposed schemes.

Initial Access Scheme
DGDP RAUG HS
GDs NGDs UDs | NUDs GDs | UDs NUDs
L |~L A—yL |nL | (A-nL |7L |nA-yL | (1-n)(A-7)L
¢ | ng ¢ —ng ¢ ¢ ng | ¢ ¢ —ng
Table A.3: Notations, explanations, and values [2] [8].
NotationExplanation Value
tap Duration of an arrival period (in terms of subframes). 10000
L Total number of devices in a cell which request service 10000-
during tap 300000
wpo  Backoff window size (in terms of subframes) 21, (1)
trAS Interval between two successive RA slots (in terms of 5,1
subframes). The tgas value in RAUG is 8 OFDM sym-
bols (Refer to Fig. 2)
1) Total number of preambles in an RA slot available for 54
access competition
npr Maximum number of preamble transmissions 10
wrar Length of the RA response window (in terms of sub- 5, (2)
frames)
Dj Preamble detection probability of the j** preamble Dj é
transmission
D HARQ retransmission probability for Msg3 and Msg4 0.1
ngarg Maximum number of HARQ transmissions for Msg3 and 5
Msg4
tmarg Time interval required for receiving HARQ ACK (in 4, (1)
terms of subframes)
tro Gap of Msg 3 retransmission 4, (1)
trar  Processing time required by the eNB to detect transmit- 2, (1)
ted preambles (in terms of subframes)
nag Number of groups 5, 10, 15
¥ Portion of devices from L that are grouped 0.1, 0.2, 0.3
n Portion of devices from L that require URLLC services 0.1, 0.2, 0.3,
0.5
nurL Maximum number of devices acknowledged within an 15
RA response window
tp Delay from a preamble transmission to the reception of wgrar+trar
the RAR response
I 5G NR subcarrier spacing configuration numerology 0-4
A.6.1 Performance of GDs

Since each group has its dedicated preamble reserved for GDs, the access process for GDs

is contention-free. Hence, the probability of occurring a preamble collision at the eNB
is 0. However, although there is no preamble collision, there is no guarantee that the

preamble will be successfully received considering the effect of channel impairments. This
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is represented by the preamble detection probability P; at the eNB for the j* preamble
transmission of the group leader. The value of P; is calculated based on P; = (1—e™7), as
recommended by 3GPP [2], and it monotonically increases as more transmission attempts
are conducted. Although the detection probability is not high enough after the first few
attempts, it reaches the value of P; > 0.9999 when j = npp = 10. Accordingly, we claim
that the access success probability for GDs will be 1 even in the worst case given that up
to npr — 1 retransmissions can be performed.

For detecting a preamble successfully, at least one transmission attempt is required
from the group leader. Whether a retransmission is needed or not depends on the
detection status of the previous transmission, up to npr — 1 times. Let s(j) be the
probability of success after the j* preamble transmission and it is given by s(j) =
(1—-P)(1—P)---(1 = P;j_1)P;. This expression is equivalent to the probability mass
function of success at the % preamble transmission. Therefore, the expected value of the
number of preamble transmissions required for a successful detection can be obtained by
Z?ﬁ 1 7s(j). After a tp duration from a successful preamble transmission, the group mem-
bers receive Msg2 from the eNB with the granted access and allocated radio resources,
as shown in Fig. A.1(a). Correspondingly, the group leader will wait for a duration of tp
before initiating a retransmission attempt. Therefore, considering the number of required
retransmissions, the average delay for successfully transmitting a preamble and receiving
the corresponding Msg2, denoted as D,, can be calculated as follows

npr npr

j—1
Da=tp) js(j)=tp ) (ij [1a- Pk>>. (A.3)
j=1 Jj=1 k=1

To be more precise, the access delay for grouped devices would be slightly different from
the access delay of their group leader if other factors such as the location of devices and
extra cost for intra-group communications are included in this calculation. For analysis
simplicity, we do not consider additional delay occurred for intra-group communications.
Instead, the delay obtained in (A.3) is considered as an representative value since grouped
devices are normally deployed in relatively close proximity to their group leader.

A.6.2 Performance of NGDs, UDs, and NUDs

A.6.2.1 Modeling the initial access procedure

Consider a burst of initial traffic arrivals for the duration of t4p. Fig. A.6 illustrates
the timing diagram with RA slots and arrivals. As explained earlier, the initial access
procedure for NGDs, UDs, and NUDs follows the legacy RA process. Hence, a common
analytical model is adopted as the baseline for analyzing these three types of devices.
Based on a comprehensive analytical model proposed in [8] which provides sufficiently
high accuracy for LTE-A RA processes, we present below our analysis tailored for perfor-
mance evaluation of mMTC networks consisting of four types of devices according to the
envisaged scenarios and the proposed schemes.

Initial arrivals: The average number of device arrivals at the i RA slot is calculated
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Figure A.6: Timing diagram denoting RA slots, initial bursty arrivals per slot and the related
timing parameters (a) tpas =5 (b) tras = 1.

by the following equation

ti+1
L'=1 / p(t) dt, (A.4)
tio1+1
where p(t) is based on Beta distribution and ¢; is the starting time of the i’ RA slot
as explained in Sec. A.3. The superscript of L} represents the initial arrival, i.e., j = 1.
Term L in (A.4) denotes the total number of ToT devices based on each device type and
the adopted access scheme, as illustrated in Table A.2. Accordingly, the initial access
device intensity at a given RA slot, L}, is the integration of the number of new device
arrivals between the end points of the previous and current RA slots.

Retransmissions: For a given RA slot 7, in addition to the initial arrivals, there would
be IoT devices attempting their j** preamble transmissions (1 < j < npr) due to previ-
ously failed (j — 1) preamble transmissions at the g'* RA slot. The positions of the g
and 7" RA slots are demonstrated in Fig. A.6. The number of IoT devices performing
their j"* preamble transmission on the i** RA slot, denoted by L{ , is calculated as follows

. Gmax .
L= Zg:Gmm ag Ly, (A.5)
where G,,;, and G, denote respectively the lower and upper limit of the window of the
RA slot values that g could take. That is, in order to transmit the j* transmission on
the i* RA slot, the (j — 1) transmission failure should occur between G, and G,
time before #;. «,; denotes the percentage of the backoff interval of the g RA slot that
overlaps with the transmission interval of the i RA slot. The Gmin, Gmaz, and oy ; values

are calculated as follows [8], Gpin = (1 — 1) — %, Grax =1 — %
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te+tpt+wpo—ti—1 . . tp—4w .

WBO ’ tras ’
lrAs e tp+wpo ; tp .
if § — tptwso 1) -
Qgi = wB(()’ : ¢ tras <9< (7“ ) trAs’
’ t;— tg+tD : - tp .
wpo if (Z — 1) ~ Thas < 9 < Gmag;

0, otherwise.

Furthermore, the number of IoT devices that failed their j'* preamble transmission at
the ¢ RA slot, L] ., can be calculated from the relationship L] = L ¢ + L ;,, where

Ly cnpr o L
Lle oG py,, if 3 Lle ¢ "cp, < nyr;
. Jj=1
D S (A.6)
i,5 L’e =G p,n . '
e TPeRUL - gtherwise.
npr i ’

=) Lje #~nGp;

J

Here, L; = Z?ﬁ 1 Lz Note that, even if the preamble transmission is performed without
collision, there is no guarantee on the successful reception of the RA response due to
channel impairments as discussed above and the constraint on the maximum number of
[oT devices that would be acknowledged within an RA response window, denoted by ny .
Hereafter, term Lg}l in (A.5) can be calculated accordingly.

As mentioned earlier, the transmissions of Msg3 and Msg4 may not always be suc-
cessful due to channel impairments. A message transmission is considered to be failed if
the transmission of Msg3 or MSg4 exceeds nyarg times. Accordingly, we calculate the
error probability of message transmission, P, y/s¢, including the hybrid automatic repeat
request (HARQ) process as follows,

ngArRQ—1

Poysc =y + Z (L = py)p e, (A7)
k=0

A.6.2.2 performance metrics

Using the outcome from the above modeling, we are able to obtain the number of initial
arrivals and retransmissions at each RA slot as well as the number of successful and failed
devices at each RA slot. Based on this information, closed-form expressions for the three
performance parameters of interest are obtained as follows.

Collision probability, denoted as P., is the ratio between the number of collided preambles
and the total number of preambles transmitted. As the number of collided preambles
equals to the total number of preambles minus the number of successful and idle preambles,
P. is obtained as follows

Ir 7, _Li L L Ir /. _L; R
Z<¢—Li6 ¢ — e 5’) Z<¢—€ d;(Li‘f'ﬁb))
p, == . = =L . . (A.8)
Iro Iro

In (A.8), term I denotes the number of RA slots inside the observation time duration.
Term ¢ denotes the total number of preambles available for each type of IoT devices under
a specific asccess scheme, as explained in Table A.2.
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Access success probability, denoted by Py, is the probability that an IoT device successfully
completes the RA procedure within npy transmission attempts. That is, P; = (total
number of successfully accessed devices) / (total number of devices arrived in ¢ 4p), as given
n (A.9). Note that an access success means not only a successful preamble transmission
but also the completion of all four steps in the RA procedure. Therefore, the number
of successfully accessed devices that transmit the j** preamble within the i** RA slot is
equal to Lf (1 — P. msc). Considering that the values for P. ys¢ are negligibly low in
reality, P, can be expressed and estimated as follows,

Ipnpr . Irnpr .
ZZL (1 = Peysa) ZZL
p=" Nl - (A.9)
L L

Average delay for successful devices, denoted by D!, equals to the accumulated access
delay experienced by those devices which experience successful access divided by the
total number of successfully accessed devices. It is given by

Ir npr

Z Z LzST
D, = ’”—, (A.10)

Ir npr

ZZL

=1 j=

where T, is the average access delay of a successfully accessed device that performs exactly
n preamble transmissions.

Moreover, it is well understood that backoff mechanisms may lead to long delays
and induce heavy-tailed delay distributions, especially when the number of competing
devices is large. In our schemes, however, the number of preamble transmissions is strictly
bounded by a parameter, npy. Therefore, the time an RA request can wait for access is
also bounded by this constraint.

A.7 Numerical Results and Discussions

This section presents the numerical results obtained from both the analytical model and
simulations for an mMTC cell with its parameters configured as listed in Table A.3. The
analytical results are obtained following the model presented in Sec. A.6. For simulations,
we develop a program in MATLAB which mimics the behavior of the proposed schemes
as well as the baseline scheme for LTE-A based initial access and the GF transmission
scheme. The results reported in this section are the average values obtained from a large
number of simulation runs for all considered schemes. For traffic arrivals, the Beta distri-
bution based arrival intensity function expressed in (A.1) is adopted. The performance
of the studied schemes is evaluated by configuring ¢,y,n, and ng to certain values ac-
cording to Table A.3 while varying the number of IoT devices, i.e., L, in each case. More
specific configuration details will be elaborated when presenting the performance under
each scenario. Consequently, each configuration will in turn affect the L and QAﬁ values in
each scheme, as explained in Table A.2. In order to reflect bursty traffic in a massive
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MTC network, we let L vary from 30k up to 300k which is 10 times as large as what was
typically considered in early studies, e.g., in [8] which considered merely an MTC network
with a moderate size.

The performance of the proposed schemes is first evaluated and compared with that of
the legacy LTE-A RA scheme. Then the access success probability is compared with that
of GF transmission. To perform the comparison, we enable two PRACH configurations
by selecting the tras value alternatively between 5 and 1. When tzas = 5, the access
schemes behave as what is commonly used in LTE-A PRACH [2] [8], i.e, an IoT device
gets an initial access opportunity in every fifth subframe. By configuring tg4s = 1, which
is a feature supported by multiple PRACH configurations in NR and also supported in
LTE-A, IoT devices are entitled to transmit their preambles in every subframe. These
two initial access options are illustrated in Fig. A.6(a) and Fig. A.6(b), respectively.

A.7.1 DGDP Performance

The performance of the DGDP scheme is evaluated based on the ng and « values con-
figured as v = 0.1,0.2 with corresponding ng = 5, 10, respectively. In order to further
reduce latency in the 2-step handshake procedure, GDs need faster responses from eNB.
Accordingly, wrar = 2 and trag = 1 are configured for the initial access of UDs.
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A.7.1.1 Collision probability and access success probability

As discussed in Sec. A.6, P. = 0 for GDs since the initial access of GDs is contention-free.
Furthermore, by allowing up to npr — 1 retransmissions, GDs have guaranteed access
even when channel impairment is taken into account, leading to P; = 1. In Fig. A.7 and
Fig. A.8, we depict respectively the collision probability and access success probability
achieved by DGDP, for both GDs and NGDs, and compare them with the performance of
the legacy LTE-A scheme. It is evident that, in addition to the guaranteed performance of
GDs, NGDs have also achieved better or much better performance over the legacy scheme
for both ~ values. The same observation applies to the other figures illustrated later in
this section, even though not explicitly highlighted in result discussions.

For NGDs, P. monotonically increases as the number of IoT devices, L, grows. With
a large device population, a higher number of devices will select the same preamble and
transmit it in the same RA slot, resulting in collisions. The collided transmissions prompt
more retransmissions, leading to further collisions per RA slot. As a result, P, for NGDs
decreases with a larger L. With v = 0.2, which means that more IoT devices are grouped
in comparison with v = 0.1, the performance of both metrics is marginally better. This
is due to the fact that, although the number of competing NGDs is reduced with a larger
v, the number of available preamble, (5, has also shrunk, leading to limited performance
gain. In Subsection A.7.4 below, we will further elaborate this relationship.

A.7.1.2 Average delay for successfully accessed devices

The average delay for the successfully accessed GDs obtained based on (A.3) equals ap-
proximately to 5 subframes according to our parameter configuration. This is significantly
lower in comparison with the delay that a successful IoT device would experience without
grouping, i.e., via LTE-A based access, as presented in Fig. A.9.

Note that the delay behavior of the GDs is governed by (A.3) and it is independent
of the number of [oT devices in the group. For NGDs, in all configurations except when
tras = b for LTE-A, the average delay of the successfully accessed devices increases up to
when there are L = 120k devices. Beyond this point, the average delay exhibits a slightly
descending trend. This behavior can be explained by referring back to Fig. A.8 which
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Figure A.10: Collision probability in RAUG: GDs, UDs, versus NUDs.

shows that the P; values obtained at 200k is approximately 1/3 of the value at 120k. That
is, the total number of successful devices is much lower at 200k in comparison with when
there are 120k IoT devices. Among these successful ones, transmission successes occur at
the initial or final phase of an arrival burst since heavy losses happened during the peak
of the burst. In other words, the successful devices have experienced relatively low access
delays, leading to a slightly lower average delay.

A.7.2 RAUG Performance

The performance of RAUG needs to be evaluated with respect to UDs and NUDs. As the
number of UDs and NUDs depends on the value of n, we evaluate the impact of n on the
performance of each type of IoT devices.

As introduced in Sec. A.5, UDs and NUDs transmit their preambles in separate RA
slots of the same subframe. This enables eNB to recognize UDs from the arriving RA slot
in a subframe and to perform the remaining handshake steps faster. For this purpose, we
adopt two different timing values for UDs and NUDs in our network configuration. This is
a reasonable approach since UDs require minimum latency. The flexible frame structure
in NR with shorter TTI values also enables such a privilege for UDs. Accordingly, the
backoff window size wpo is reduced to 1 in order to speed up the retransmission process
in case of a transmission failure due to collisions or channel impairment. Furthermore,
we configure the wrap value as wrag = 2 [3]. In addition to LTE-A with tgas = 1,
we have considered another scheme that follows the legacy LTE-A access procedure but
allows two RA slots within a subframe for the purpose of further comparison. Hereafter
this scheme is referred to as legacy 5G as this configuration is possible considering the
flexibility provided by the 5G NR frame structure. Note however that although RAUG
also provides two RA slots per subframe, each type of devices (UD or NUD) has only one
RA slot available within one subframe.
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A.7.2.1 Collision probability and access success probability

As expected, UDs achieve lower P, and higher P; for all ranges of L when n = 0.1,0.2, as
illustrated in Figs. A.10 and A.11. Having all ¢ preambles available for access competition
of a small fraction of L enables such significant improvements. On the other hand, the
performance of NUDs deteriorates with larger L values. However, NUDs still exhibit
better performance when compared with the baseline scheme and also with NGDs when
~ is configured with the same value as n. This comparison will be further discussed in
Subsec. A.7.5. For an extreme case with 17 = 0.5, the performance of UDs also degrades
when L > 120k. However, this configuration will significantly improve the performance
of NUDs as the number of NUDs would reduce substantially. In Subsec. A.7.4, the
performance tradeoff between UDs and NUDs with respect to the value of n will be
further elaborated.

As shown in Figs. A.10 - A.11, the performance of the legacy 5G scheme is similar to
that of the UDs and NUDs given that n = 0.5. Since legacy 5G does not employ device
grouping, the number of devices competing for RA slots is twice as many as for UDs and
NUDs with n = 0.5. At the same time, the total amount of available resources for legacy
5G is also doubled for UDs and NUDs with the same 7 value due to the fact that there
are two RA slots within each subframe. Accordingly, the amount of resources used by
each device type is half of what is available for legacy 5G. Therefore, the performance of
these three schemes is similar based on the given configuration. From these figures, it is
clear that the UDs still exhibit better performance when the n = 0.1 or 0.2 thanks to the
concept of having separate resources for URLLC traffic.

A.7.2.2 Average delay for successfully accessed devices

As shown in Fig. A.12, when n = 0.1,0.2, the achieved average delay for UDs is ap-
proximately 10 subframes and this value keeps comparatively stable regardless of the IoT
device population. With a low collision probability as presented above, devices can trans-
mit their preambles successfully with a low number of transmission attempts, resulting in

76



Enabling mMTC and URLLC' in 5G

& 70 - ,
@ Q
Q
g 60 [ 5 ) /77,1;:,:;)—*?11 ——— —
£ /
> /
7] i
£ 50 i s
3 / X
o
< .
3 40 ,
s 7
S )
b7 — 7
%] 1 7/
o 30 y
g N
7] =X
5 wF-—TTT 7 *
> S =t
& .
L U S T ieieieeees
g mT.__.=-=-=-=-=-=~$-;-:-;-:-ﬁ_ frkiont %_N g L
(=)
o
[
> 0 1 1 L 1
<
30k 60k 90k 120k 200k 300k

Total number of device arrivals (L)
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Figure A.13: Collision probability in HS: GDs, UDs, versus NUDs.

reduced overall delay. Additionally, the shortened response time configured for UDs fur-
ther contributes to latency reduction. Compared with UDs, and legacy 5G, NUDs have a
significantly higher delay and the corresponding value generally increases with a higher L.
However, in comparison with the baseline scheme, NUDs still attain lower latency. When
n = 0.5, which indicates lesser competition among NUDs, shorter latency for NUDs is
achieved at a cost of slightly increased latency for UDs.

A.7.3 HS Performance

The performance of the HS scheme is illustrated in Figs. A.13 - A.15. It is clear that the
performance of GDs in HS is similar to what is observed in DGDP. Furthermore, UDs,
which are a subset of NGDs, exhibit also similar performance as what is observed in the
RAUG scheme. Recall, however, that the number of competing IoT devices in each device
type will be different when NGDs are categorized into UDs and NUDs.

As a result, NUDs in HS achieve much better performance compared with NUDs in
RAUG and NGDs in DGDP even though their available number of preamble, gg, is lower
than in RAUG or DGDP. Furthermore, since both GDs and UDs coexist in HS, a much
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Figure A.15: Average delay of the successfully accessed devices for different types of devices in
HS.

larger number of devices with URLLC requirements can be accommodated when HS is
employed. Observe Fig. A.14 and take L = 200k, v = n = 0.3, and ng = 15 as an
example. The total number of [oT devices that achieve P; = 1 would be as many as 102k
including vL = 60k GDs grouped in 15 groups plus n(1 — )L = 42k UDs.

A.7.4 The Impact of 7,7, and ng

As mentioned earlier, the values of 7,7, and ng are reconfigurable. In a cell with other
parameters like L and ¢ fixed, the adopted values of these three variables play a significant
role in determining the performance of the proposed schemes. A higher v value means a
larger number of GDs and accordingly ng also needs to be enlarged. The performance
of NGDs in DGDP depends on the joint configuration of v and ng values. Similarly,
increasing 1 would lead to a higher number of UDs in RAUG indicating more competition
among UDs and better access opportunities for NUDs, respectively.

To achieve optimal performance from the proposed initial access schemes, it is vital to
configure network parameters appropriately so that, while GDs and UDs enjoy URLLC
service, NGDs and NUDs could also achieve better or at least similar performance in
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LTE-A, DGDP, and RAUG respectively.

comparison with the baseline scheme. Observing the presented numerical results for
DGDP, it is evident that the selected ~ values satisfy the criterion given in (A.2). Any
violation of this criterion would deteriorate the performance of NGDs as further discussed
in [8]. Furthermore, the impact of n values on the performance of NUDs has a simpler
proportional relationship. Whenever 7 is increased, NUDs will obtain better performance
owing to reduced competition, as observed in the numerical results for RAUG. However,
n should only be enlarged to a level up to which the required performance for UDs is still
gquaranteed.

A.7.5 Performance Comparison among Our Schemes and versus
LTE-A

As demonstrated above, the proposed schemes outperform the baseline scheme under all
studied configurations. To elaborate the performance distinctions, we further differentiate
the results obtained from the baseline scheme with two configuration options, i.e., when
the interval between two successive RA slots is configured as tpas = 5 and tgas = 1,
respectively.

The baseline scheme with tgas = 5 performs worst among all the studied schemes.
Although this configuration is commonly adopted in LTE-A, our results reveal that this
is not an effective option when the number of IoT devices could increase promptly, e.g.,
under mMTC bursty traffic scenarios. When tgas = 1, the performance of the baseline
scheme improves significantly, thanks to a much higher number of RA slots (10000 for
tras = 1 versus 2000 for tgas = 5) available for preamble transmissions of arriving devices.
However, when the number of 10T devices is very large, i.e., L > 90k, the performance
of this configuration also degrades more seriously than what is achieved in our proposed
schemes.

Among the proposed schemes, DGDP provides the best URLLC performance for GDs
since GDs always enjoy guaranteed access privilege with null collision based on their
contention-free access. The proposed 2-step handshake procedure combined with lower
response times further reduces the latency for GDs. The performance of UDs in the HS
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Figure A.17: CDF of access delay for successful UDs, NGDs, and NUDs: Comparison of RAUG,
DGDP, and LTE-A.

and RAUG schemes is better than any NUDs or NGDs in all cases. UDs benefit from
the proposed dedicated RA slots with reduced latency obtained by allowing multiple slots
inside one subframe for preamble transmission and also from the shortened response times.
However, the performance of UDs in RAUG is not as superb as GDs in DGDP since UDs
in RAUG still need to follow the 4-step RA procedure and to compete with other UDs.
Nevertheless, unlike GDs, UDs have more flexibility in terms of device implementation
and the support of various IoT applications (since no pre-grouping is required and no
requirement on static deployments). Moreover, with the same « and 7 configuration,
NUDs in RAUG achieve generally better performance in comparison with NGDs. Since
two dedicated RACH slots are enabled inside a subframe and no preambles are pre-
allocated to GDs, the access opportunities for NUDs are based on all ¢ preambles. In
contrast, NGDs in DGDP have only (¢ — ng) preambles, leading to slightly degraded
performance in comparison with NUDs in RAUG.

Furthermore, for the purpose of performance comparison under a medium size device
population, we reconfigure the network as L = 90k, v = n = 0.2, and ng = 10. In
Fig. A.16, we illustrate the cumulative distributed function (CDF) of successful preamble
transmissions for different types of IoT devices under LTE-A, DGDP, and RAUG, respec-
tively. As can be observed, almost all UDs in RAUG obtain network access within three
preamble transmissions. Moreover, NGDs and NUDs have also achieved higher CDF val-
ues compared with the baseline scheme. With a cross-reference of the respective P, values
in Fig. A.16, we ascertain that DGDP and RAUG provide faster access to the network
than the baseline scheme does. For instance, to achieve Py = 95%, NUDs in RAUG need
on average merely 4 preamble transmissions whereas about 6 and 7 ~ 8 transmissions
are required for NGDs in DGDP and devices in LTE-A respectively. In Fig. A.17, we
further illustrate the CDF of the access latency experienced by successfully transmitted
devices in milliseconds based on the four studied schemes. It is evident that all devices
in our schemes including UD, NUDs, and NGDs have achieved better performance in
comparison with that of LTE-A and among them UDs obtain the best performance.

Moreover, HS offers best opportunities to all types of IoT devices owing to its hybrid
nature. When HS is employed, both GDs and UDs could coexist without compromising
each other’s performance, thus supporting a higher number of IoT devices with URLLC

80



Enabling mMTC and URLLC' in 5G

0.9

—0—1=3 K =1

o
©

sk p=4 ﬂrspzl

o
Y

—-%-— =3 ﬂrsp::g

o
o

—.g-— pu=4 ﬂrep::g

o
w

I
~

o
w
7%

0.2r

Access success probability (PS)

0 ‘
30k 60k 90k 120k
Total number of device arrivals (L)

Figure A.18: Access success probability for GF transmissions under bursty traffic.

requirements. Although NUDs in HS possess a smaller set of preambles, i.e., (¢ — ng),
the same as NGDs in DGDP, the number of NUDs is meanwhile significantly reduced to
(1 —n)(1 —~)L which is lower than that of NGDs in DGDP, i.e., (1 —«)L. In this way,
the performance of NUDs in HS is also improved.

A.7.6 Access Success Probability Comparison with Grant-free
Transmission

As mentioned in Subsec. A.2.2, GF transmission appears as an attractive mechanism for
data reporting in various mMTC and URLLC scenarios, especially for small data and
sporadic traffic. In this subsection, we compare through simulations the performance of
the proposed schemes with GF in terms of access success probability by considering two
numerologies ¢ = 3 and g = 4 which have 8 and 16 slots respectively. To maximize
resource allocation for GF transmissions, we assume that all these available slots can be
utilized by GF traffic. For GF transmissions, we adopt a popular transmission scheme
known as k repetitions [9]. Accordingly, a number of k., replicas of the same packet will
be transmitted within a subframe. A packet transmission is regarded as successful if at
least one of these k¢, transmissions is successful.

For GF transmissions, all devices that arrived during a given subframe will compete
for transmission in the next subframe. Each device will randomly select one or more (if
krep > 1) slots based on the configuration and transmit k., replicas of its packet in the
selected slot(s) within the same subframe. A collision happens if two or more devices have
selected the same slot for transmitting any replica of their packets.

Fig. A.18 illustrates the obtained access success probability of GF devices according
to a bursty traffic arrival pattern which was presented in Subsec. A.3.3. As expected,
the success probability monotonically decreases with a higher number of device arrivals.
When comparing the results for 4 = 3 and p = 4, it is clear that providing a higher number
of slots for GF data transmission would result in a higher access success probability. On
the other hand, it is counter-intuitive that having a higher number of repetitions does not
help to increase access success. This is because with k.., = 3, the number of competing
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transmissions per slot increases, leading to an even lower success probability.

Finally, let us compare the access success probability achieved by GF devices with what
is achieved in the proposed DGDP and RAUG schemes which belong to GB schemes (with
the results shown in Fig. A.8 and Fig. A.11 respectively). By comparing the curves in
these figures, it is evident that the GB schemes perform better. This is because during
a traffic burst, a very higher number of arrivals within a short interval have occurred,
causing a higher number of collisions for both GB access and GF' transmissions. Initially,
the number of arrivals for each subframe is the same for both GB and GF. Although
a GB scheme has to deal with retransmissions, it has the advantage of transmitting up
to npr transmissions across multiple subframes. On the other hand, a k repetitions GF
scheme has to finish all k,., transmissions within one subframe without the possibility
of retransmissions. As a consequence, GF transmissions experience higher collisions than
GB transmissions, resulting in a lower access success probability. Based on this observa-
tion, we ascertain that, although GF communication reduces extra overhead by skipping
the initial access phase and it provides lower latency when traffic load is light, it is not
better suited for providing URLLC services in the presence of bursty traffic with a high
number of arrivals.

A.7.7 Further Discussions

The proposed schemes are developed based on multiple assumptions as presented above.
For instance, the procedures for intra-group communications between group members
and their group leader are not included in our scheme design. Nor is the coordination
between a serving group leader and its backup group leader considered. In spite of having
a very lower probability, it is not impossible that neither of the group leaders sensed an
event or the transmissions of both leaders failed. If such an extreme case occurs, extra
intra-group communication is needed. Although intra-group communications could be
performed with or without the involvement of downlink message coordinations through
a gNB, extra protocol overhead and longer delay are unavoidable. As such, the reported
results in this section represent an upper bound of the performance of our schemes.

A.8 Conclusions and Future Work

Targeting at two massive IoT traffic scenarios, we have proposed in this paper three
LTE-A or 5G NR based initial access schemes which provide URLLC access to a selected
portion of mMTC devices. The schemes were developed by considering various mission
critical and cyber-physical IoT applications envisaged by 3GPP. The first scheme, DGDP,
provides contention-free access with low latency to grouped IoT devices based on dedicated
preamble reservation. The second scheme, RAUG, is still contention based but facilitates
reserved random access slots allowing multiple occurrences inside each subframe and hence
produces lower latency and very high access success probabilities to those [oT devices with
URLLC requirements. The third scheme, HS, combines the merits of these two schemes
and provides more flexibility to a larger number of URLLC devices as well as non-grouped
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and non-URLLC devices. Furthermore, the performance of all four types of IoT devices
under these three schemes has been evaluated based on both analysis and simulations,
in comparison with the legacy LTE-A initial access as well as grant-free transmission.
Through performance comparison, we demonstrate that, by fine-tuning a few configurable
network parameters, the proposed schemes are able to provide ultra-high reliability and
low latency to grouped devices and URLLC devices while still improving the performance
of non-grouped and non-URLLC devices. As future work, we will further study both inter-
and intra-group communications in a two-tier architecture for mMTC networks, intra-
group communications among devices and group leaders, and initial access for beyond 5G
networks together with data transmission and radio resource allocation after the initial
access phase. For protocol design, we will also consider more realistic channel conditions,
the constraint of radio resource blocks, as well as minimized extra protocol overhead.
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Priority Enabled Grant-Free Access with
Dynamic Slot Allocation for Heterogeneous
mMTC Traffic in 5G NR Networks

Thilina N. Weerasinghe, Vicente Casares-Giner, Indika A. M. Balapuwaduge,
and Frank Y. Li

Abstract - Although grant-based mechanisms have been a predominant
approach for wireless access for years, the additional latency required for ini-
tial handshake message exchange and the extra control overhead for packet
transmissions have stimulated the emergence of grant-free (GF) transmission.
GF access provides a promising mechanism for carrying low and moderate
traffic with small data and fits especially well for massive machine type com-
munications (mMTC) applications. Despite a surge of interest in GF access,
how to handle heterogeneous mMTC traffic based on GF mechanisms has not
been investigated in depth. In this paper, we propose a priority enabled GF
access scheme which performs dynamic slot allocation in each 5G new radio
subframe to devices with different priority levels on a subframe-by-subframe
basis. While high priority traffic has access privilege for slot occupancy, the
remaining slots in the same subframe will be allocated to low priority traf-
fic. To evaluate the performance of the proposed scheme, we develop a two-
dimensional Markov chain model which integrates these two types of traffic
via a pseudo-aggregated process. Furthermore, the model is validated through
simulations and the performance of the scheme is evaluated both analytically
and by simulations and compared with two other GF access schemes.

Keywords - Grant-free access, NR numerology, mMTC traffic, dynamic slot allocation,
two-dimensional Markov chain, pseudo-aggregated process.

B.1 Introduction

Simultaneous packet transmissions over the same radio resource cause performance deteri-
oration for wireless access due to potential collisions among transmissions from competing
devices. In fourth generation (4G) cellular networks, i.e., long term evolution-advanced
(LTE-A), this problem was primarily addressed using grant-based (GB) communications.
For GB channel access, a device follows a four-step handshake procedure for initial access
with an evolved nodeB (eNB) by first transmitting a preamble before it obtains a grant
for its data packet transmission. Once access is granted by the eNB, a data packet can
be successfully transmitted without collision under ideal channel conditions. The initial
preamble transmission, however, is still subject to collision(s) and could require multiple
transmissions depending on traffic load and the availability of preamble resources at the
eNB.

In LTE-A, the time required for initial four-step handshaking, which occurs prior to a
data transmission, is in the order of 15 ms [1]. This is not a major concern since many 4G
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applications do not have stringent low latency requirements. In emerging fifth generation
(5G) networks specified by the 3rd generation partnership project (3GPP), however, a
variety of applications necessitate novel approaches for ultra-reliable low latency com-
munications (URLLC) and massive machine type communications (mMTC). For small
data transmissions which are common for mMTC traffic, the amount of control overhead
required before an actual data transmission in GB schemes is too high with respect to the
actual data to be transmitted and the handshake procedure lasts too long [2].

Although GB initial access is still kept as a legacy mechanism in 5G new radio (NR)
networks, to perform such a four-step initial access procedure requires extra delay and
protocol overhead [3] [4]. As an alternative to reduce overall latency, another category of
mechanisms for data transmission, known as grant-free (GF), configured grant, or without
grant, has emerged [4] [5]. Different from the GB principle, devices in GF communications
transmit their data packets together with (or without using specific) control messages
directly to a 5G NR nodeB (gNB) in available GF slots without requiring the initial
access procedure. In other words, no dedicated preamble transmission for granting access
and allocating radio resources is required for GF communications before starting a data
packet transmission [3]. The benefits brought by this principle in terms of shortened delay
and reduced protocol overhead make GF mechanisms attractive for various applications
with URLLC/mMTC requirements and small data packets [1].

For periodic or deterministic traffic, a gNB can allocate dedicated slots to devices
for their data transmissions. However, such a mechanism will lead to resource underuti-
lization and long delay when traffic load is low or sporadic which is the case for many
mMTC applications. Due to the unpredictability of sporadic traffic arrival patterns, it
is beneficial to apply a random access protocol for GF data transmissions based on the
principles of ALOHA or slotted ALOHA [6]. Furthermore, GF transmissions are gen-
erally recommended for small data transmission with a low or moderate level of traffic
arrivals 7] [8].

B.1.1 Related Work

B.1.1.1 GF communications

While GF is a more popular terminology favored by the research community, similar
mechanisms are commonly referred to as configured grant or without grant in 3GPP
specifications [4] [5] [9] [10]. In brief, existing GF based transmission schemes can be
classified into four major categories, as summarized below. (i) GF reactive: A device
needs to send its GF transmission and wait for an acknowledgment (ACK) or a negative
ACK (NACK) from the gNB. If no ACK is received within the ACK timeout, or a NACK
is received, the same packet will be retransmitted up to a retry limit; (ii) GF reactive with
power boost: In order to increase successful reception probability, the transmit power of
each retransmission could be higher than that of the previous unsuccessful transmission;
(iii) K repetitions without feedback: A device transmits proactively K > 1 replicas of
the same data packet across different GF slots in the same subframe [9]; and (iv) K
repetitions with feedback: Similar to (iii), but it requires feedback from a gNB regarding its
transmission status. Accordingly, a device will stop its transmission attempt once an ACK

90



Enabling mMTC and URLLC' in 5G

is received. Furthermore, the 3GPP states clearly that at least an uplink transmission
scheme without grant is supported for URLLC and an uplink transmission scheme without
grant is targeted to be supported for mMTC' [5].

On the other hand, recent academic efforts foresee the feasibility of facilitating multi-
packet reception by applying more advanced technologies for instance non-orthogonal mul-
tiple access (NOMA) and multiple-input multiple-output (MIMO) to GF transmissions.
By treating collisions as interference through successive joint decoding or successive inter-
ference cancellation (SIC), [11] derived expressions for outage probability and throughput
for GF-NOMA transmissions. In [12], a semi-GF scheme which provides dedicated GB
access for one user while facilitating the other users with GF opportunistic access was
proposed. Another recent work investigated the suitability of applying non-orthogonal se-
quences for abbreviating preamble collisions for GF transmissions and concluded that such
sequences did not necessarily lead to better performance than the orthogonal ones [13]. In
general, GF access exhibits the characteristic of slotted ALOHA-alike access mechanisms
as presented below.

B.1.1.2 Slotted, framed slotted, and SIC-enabled slotted ALOHA for MTC

access

Depending on multi-packet reception is enabled or not, numerous variants of ALOHA-alike
protocols, including framed slotted ALOHA (FSA), multi-channel slotted ALOHA, and
SIC-enabled slotted ALOHA play an important role for medium access in mMTC [2] [14].

Based on the requirements for mMTC applications and design principles, FSA can be
operated with either fixed or flexible frame length [15]. On the other hand, channels in
multi-channel slotted ALOHA regard to different kinds of orthogonal resources such as
codes or preambles which are used in the same, for instance time slot, during the initial
access procedure. Using different orthogonal resources, multiple devices can access to a
common channel simultaneously [1]. However, the amount of resources is still limited.
For random access of mMTC traffic without multi-packet reception capability, a collision
happens if two or more devices select the same preamble for their initial access or transmit
their packets simultaneously in the same slot. More recent work intends to resolve collision
following the principle of SIC through coded slotted ALOHA, e.g., in the form of frameless
ALOHA [16].

Furthermore, priority oriented schemes in FSA have been studied previously. In [17],
a pseudo-Bayesian ALOHA algorithm with mixed priorities was proposed. Similar to
the pseudo-Bayesian ALOHA scheme presented in [18], that algorithm allows multiple
independent Poisson traffic streams compete for a slot or a batch of slots in a frame each
with an assigned transmission probability. Following the idea on resource sharing, an
adaptive framed pseudo-Bayesian ALOHA algorithm was proposed in [19].

Considering that the subframe length in NR is constant as 1 ms regardless of the
adopted NR numerology [20], we adopt a fixed subframe length for our scheme design.
Furthermore, since no dedicated preamble for initiating access and resource allocation
is needed for GF transmissions, the access scheme proposed below in Sec. B.3 allows
devices transmit their packets directly to the associated gNB in the allocated GF slots.
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The scheme is designed upon the FSA principle but is based on the NR frame structure
to be presented in Subsec. B.2.1.

B.1.2 Contributions

So far, little work has been done considering GF access for heterogeneous mMTC traffic.
In this paper, we consider heterogeneous GF traffic arrivals with different reliability and /or
latency requirements and propose a novel GF based access and data transmission scheme
with dynamic slot allocation (DSA) in each NR subframe. Hereafter, the scheme is
referred to as DSA-GF which stands for DSA for GF based access for heterogeneous
traffic. Targeting at providing better performance to high priority traffic (HPT), the
scheme accommodates the remaining slots in the same subframe to low priority traffic
(LPT) so that higher total slot utilization is achieved.

In contrast to most existing work which generally neglected slot based GF transmis-
sions and slot utilization, this paper targets at 5G NR numerology as the basis for our
scheme design and intends to maximize slot utilization for heterogeneous traffic inte-
grated with priority enabled access. Through dynamic slot allocation, the dependence
of two types of GF traffic is handled and modeled through a pseudo-aggregated process
where both traffic types share available slots in each subframe and slot allocation to HPT
is independent of that of LPT.

In brief, the main contributions of this paper are summarized as follows.

e Based on the NR frame structure, a novel GF based data transmission scheme,
DSA-GF, which considers arrivals of heterogeneous GF traffic is proposed. The
scheme performs traffic estimation, access control, and dynamic slot allocation on a
subframe-by-subframe basis. Based on our scheme, both HPT access privilege and
LPT resource preservation are achieved and they are bound together smoothly in
each subframe.

e To evaluate the performance of the proposed scheme, a two-dimensional (2D) Markov
chain model, in which a pseudo-aggregated process is defined to link two types of GF
traffic by considering their coherence for slot allocation in a common subframe, has
been developed. For a network with the same configuration, the number of states
in our model is much less than what is needed in conventional Markov models.

e Extensive discrete-event based simulations have been performed to validate the pre-
ciseness of the developed model and assess the performance of the DSA-GF scheme.
Through performance assessment under various HPT/LPT traffic variations and
comparison with two other GF schemes, the effectiveness of the proposed scheme is
further demonstrated.

In a nutshell, the uniqueness and novelty of our paper are reflected by the fact that
this work is anchored at a niche with an intersection among 5G NR numerology, traffic
estimation based dynamic slot allocation, proper handling of heterogeneous traffic consid-
ering the performance of both HPT and LPT, and pseudo-aggregated 2D Markov chain
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Figure B.1: 5G NR frame structure for numerology 5 = 3.

modeling for heterogeneous traffic. To the best of our knowledge, this is the first at-
tempt which is dedicated for 5G NR numerology based GF transmission with dynamic
slot allocation at the subframe level for heterogeneous traffic, combined with a Markov
model with a significantly reduced state space bridging both types of traffic together for
performance evaluation.

Furthermore, it is worth mentioning that the 3GPP has newly decided to discontinue
NOMA as a work-item for 5G NR but leave it as a study-item for beyond 5G [21]. Under
such a circumstance, the importance of investigating viable GF schemes based on the
existing NR frame structure remains significant and it becomes even an imperative task
as such schemes may serve as the basis or at least references for NOMA based GF scheme
design.

The remainder of the paper is organized as follows. Sec. B.2 provides preliminaries
on NR numerology and presents the network scenario. In Sec. B.3, the proposed scheme
is explained in details. Then we develop a 2D Markov model in Sec. B.4 to analyze its
performance. Thereafter, Sec. B.5 illustrates the numerical results. Finally, the paper is
concluded in Sec. B.6.

B.2 Preliminaries, Scenario and Assumptions

This section presents the NR frame structure which forms the basis for our scheme design
and outlines the scenario.

B.2.1 5G NR Frame Structure and Numerologies

With 15 kHz as a baseline for subcarriers as used in 4G, 5G NR defines five numerologies
based on subcarrier spacing Af = 2% x 15 kHz, where 8 = 0,1, ...,4 is the numerology
index, with different slot duration lengths downwards from 1 ms to 62.5 us [20] [22]. As
depicted in Fig. B.1, the per frame duration in NR is still 10 ms, and the same as in
LTE-A, one frame consists of 10 subframes each with 1 ms duration. Moreover, one NR
subframe may have one (for § = 0) or multiple (up to 16) slots depending on the value
of the numerology index f3.
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Depending on the size of a packet, one or multiple orthogonal frequency division mul-
tiplexing (OFDM) symbols out of the available 14 symbols within a slot can be utilized by
GF traffic [9] [10]. Considering that GF transmissions are targeted at small data packets
in mMTC networks [24], we assume in this study that a packet with the size of less than
14 OFDM symbols is sufficient for one GF packet transmission. The remaining symbol(s)
within the same slot can be allocated to other data traffic (for instance GB transmissions)
and control information exchange as NR allows flexible uplink and downlink scheduling
at a symbol level within one NR slot [20]. As such, all slots in a subframe can be utilized
for GF data transmissions.

B.2.2 Scenario and Traffic Arrivals

Consider a scenario where an NR cell covers a large number of mMTC devices. Although
both GF and GB devices may coexist, this study focuses only on GF data transmissions.
More specially, GF data transmissions considered in this study are performed in each
subframe following the DSA-GF scheme presented in the next section. A device is regarded
as active if it has one packet ready to transmit. The transmission of a device is regarded
as successful if no other device transmits in the same slot and it is confirmed through an
ACK message provided at the end of each subframe. If two or more devices transmit in the
same slot, a collision occurs and all involved transmissions are considered to be failed. If a
device does not obtain a transmission opportunity due to the constraint of the permission
probability in the current subframe or its transmission in the current subframe collided,
it will try again in the next subframe based on a new permission probability broadcast
by the gNB right before the next subframe begins.

Although the total number of mMTC devices covered by a cell could be huge [25],
they generate typically sporadic traffic with small packet sizes. Therefore, the number
of arrivals per subframe, i.e., within 1 ms, is rather limited. To reflect this, we adopt a
combination of number of devices and activation probability as an indicator to represent
offered traffic.

Without loss of generality, we consider numerology f = 3 as an example in most
figures and descriptions in this paper. Later on in Subsec. B.5.6, we further demonstrate
the applicability of the scheme to two other numerologies, i.e., f = 2 and = 4 which
have 4 and 16 slots per subframe respectively.

Two categories of traffic arrivals are considered, known as HPT and LPT respectively.
While HPT requires superior performance, LPT can tolerate longer access delay and
higher packet loss. For slot allocation in each subframe, HPT has access privilege over
its counterpart, i.e., LPT. In the considered cell covered by one gNB, there are a finite
number of HPT and LPT devices, denoted by M, with z = 1 for HPT and z = 2 for LPT,
respectively. The arrival process for both categories follows a Bernoulli process. That is,
each device generates one data packet per subframe with activation probability a,. This
assumption means that each device has at most one packet ready to transmit at each
subframe. Furthermore, we assume that the ACK message transmission from the gNB
is always successful. No channel impairment is considered in this study and propagation
delay is regarded to be negligible compared with access delay.
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B.3 Proposed Transmission Scheme for GF Traffic

The DSA-GF scheme focuses on the NR frame structure and features the flavors of both
4G and 5G access mechanisms such as access class barring and unified access class [1] [23],
imposing different permission probabilities to heterogeneous types of traffic. It is operated
on a subframe-by-subframe basis. First of all, an observation-based slot allocation algo-
rithm assigns an optimal number of slots to serve HPT transmissions in order to achieve
maximum throughput, low access delay and reduced packet loss probability. In the mean-
time, the algorithm takes into account the performance of LPT through slot preservation
to LPT in order to avoid starvation of LPT. To do so, the maximal number of slots to be
allocated to HPT is restricted to the total number of slots per subframe minus one (for
f =2 and 3) or two (for § = 4). Then the remaining slots in the same subframe will be
allocated to LPT. For a given subframe, the more slots allocated to HPT, the less slots
assigned to LPT.

For a given numerology, the total number of slots per subframe, denoted by U, is a
constant and it is decided by the NR frame structure presented above. Inspired by the
pseudo-Bayesian broadcast algorithm for slotted ALOHA proposed in [18], we develop a
novel random access scheme for NR based GF transmissions as presented below. While
the algorithm in [18] targeted at slotted ALOHA with a single slot, the protocol designed
in this paper is tailored to operations where multiple slots together form one subframe,
taking into account the NR frame structure.

B.3.1 Transmission Principles of DSA-GF

At the beginning of each subframe, the gNB provides to all devices through a broadcast
message with the permission probability for each type of traffic, denoted as p, where
x =1 for HPT and x = 2 for LPT respectively. With probability p,, each active device
randomly selects one of the allocated slots to type x within the current subframe to
transmit its packet. With probability 1 — p,, the device postpones its transmission to the
next subframe. The permission probability is updated for each subframe based on two
ingredients.

For each type, the gNB first observes each slot of the current subframe and counts
the number of holes h (a slot that is not occupied by any transmission(s) is referred to
as a hole), successes s (a slot with a single packet transmission), and collisions ¢ (a slot
with more than one packet transmissions). Then, it proceeds to estimate the number of
packets involved in the transmissions of the current subframe.

Second, the gNB estimates the new arrivals of type x during the current subframe,
which together with the backlogged devices will attempt to transmit their packets with
an updated permission probability in the next subframe. Backlogged devices are those
devices that postpone their transmission in the current subframe due to the imposed
permission probability plus those devices that were involved in collisions. Furthermore,
active devices comprise both backlogged devices and new arrivals. In the next subframe,
all active devices will attempt to transmit following the permission probability for each
traffic type (details are given in the next subsection).
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Figure B.2: Illustration of DSA-GF: With priority, the slots are dynamically divided into
two groups, one for HPT and the other for LPT.

In DSA-GF, new arrivals follow the immediate first transmission (IFT) principle. By
IFT, it is meant that any just-arrived packet in the current subframe will be poten-
tially transmitted in the next immediately available subframe according to the updated
permission probability provided by the gNB. Upon the successful reception of a packet
transmission, immediate feedback is performed. The operation of the DSA-GF scheme is
illustrated in Fig. B.2.

B.3.2 Detailed Access Procedure for Heterogeneous Traffic

Within each subframe, there are a total number of U slots shared by both streams, one
from each type of devices. Let m, denote the number of slots allocated to the HPT (z = 1)
and LPT (z = 2) flows respectively. We have m; + my = U. The same notations for
subscripts apply to other expressions throughout the context. Denote by w1 min (U1maz)
the minimum (maximum) number of slots that can be allocated to HPT at any subframe,
in such a way that 1 < wymim < M1 < Uimee < U. By keeping uq 4, < U, our
scheme reserves at least one slot per subframe for LPT so that no starvation happens to
LPT regardless of HPT traffic intensity. In what follows, we present how m, and p, are
updated from subframe to subframe.

During each subframe, the gNB observes what happened in each slot. Let (h,s, ).
denote the number of holes, successes and collided slots, respectively, observed for type
x during subframe ¢t. Obviously, we have h,; + Sy + cpp = My With myy +mg, = U.
Furthermore, let S\M be the estimation of new arrivals assessed by the gNB, i.e., the
estimated number of devices that have generated a packet during subframe ¢. Then, the
(m, p)et — (M, p)z14+1 update is performed according to the three steps presented below.
Step 1: Update the estimated number of active devices for HPT and LPT, at the end of
subframe t.

e First, for # = 1,2, based on the observations (h, s, ¢),; and the estimated number of
active devices at the beginning of subframe ¢, w, ;, the gNB estimates the number of
backlogged devices at the end of this subframe ¢, 1w, ;1. For that purpose, we extend
Rivest’s pseudo-Bayesian broadcast control algorithm [18] to data transmissions
with multiple slots in each subframe so that W, 11 = we; + eci’t2 — (hot + Sut) =~
Wyt + 1.3922 X ¢y p — (hyt + Szt). In this expression, 1.3922 X ¢, ; represents the
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estimated number of collided packets which will attempt to transmit again following
the rule given in Step 3, and h,, + s, represent the idle slots plus successful
transmissions that will not retransmit in the next subframe.

e Second, for x = 1,2, the gNB estimates the number of new arrivals during subframe
t, 5\%,5. Considering a network in the steady state where the offered traffic and the
carried traffic reach an equilibrium, we set /A\m equal to s, ;, the number of successes
at subframe t. A more elaborated estimator of the arrival process is however out of
the focus of this paper.

e Third, the total number of active devices at the end of subframe t ready for transmis-
sion at subframe ¢ +1 is the sum of W, ;4 and Xxyt. Since w41 cannot be negative,
we set Wy 141 = max(Wy 441, 0) + j\m. Note that w, 41 can be any non-negative real
number.

Step 2: Update the number of slots to be allocated in the next subframe ¢ + 1.

e To give higher priority to HPT, we first allocate m; ;41 = max (ul,mm, min([wy 411, ul,mm))
and then configure msy 11 = U —my 41. That is, the capacity that is not assigned to
HPT will be allocated to LPT. In the above expression, a ceiling function is intro-
duced considering that m, ;41 is an integer number such as ty min < Mg 11 < Up maz-

Step 3: Update the permission probabilities for subframe t 4+ 1 for each type of traffic.

m . (m : :
z,t+ = min( ;2,1 ). That is, when the estimated
max(mm,t+17 wx,t+1) z,t+1

number of active devices, w, 41, is greater than the number of allocated slots,

e Set Pzt+1 =

My +1, the assigned permission probability becomes less than 1. Otherwise, it is
1. Note that for each type of traffic the same permission probability applies to all
active devices.

B.4 Discrete-time Markov Model for DSA-GF

To evaluate the performance of the proposed DSA-GF scheme for heterogeneous GF
traffic, we develop a 2D Markov model which integrates HPT and LPT through a pseudo-
aggregated process. During each subframe, every device generates one data packet with
probability a, according to a Bernoulli process. For packet buffering, a packet rejection
mechanism is adopted meaning that a packet is rejected when it arrives at a device and
finds the buffer full [26].

B.4.1 Building a Discrete-Time Markov Model

Thanks to the memoryless property of the arrival processes, we can build a discrete-
time Markov chain for the presented DSA-GF scheme. For this purpose, let us observe
the system at the border of two consecutive subframes, e.g., at the time instant when
subframe ¢ — 1 ends (or subframe ¢ begins), where ¢t € Z (Z is the set of integer numbers).
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Subframe by subframe, these time instants are regarded as the transition instants in the
developed Markov model defined by a set of three random variables for each type of traffic.
For traffic type # where x = 1 (HPT) or x = 2 (LPT), let W, ; be the random variable
(r.v.) representing the number of active devices estimated by the gNB at transition instant
t, U+ be the r.v representing the number of slots in subframe ¢ allocated to trafic type =,
and N, be the r.v. representing the actual number of active devices (new arrivals plus
backlogged devices) ready for transmission in subframe t¢.

The transition probabilities of the Markov chain, in a compact format, are as follow.

Pr (W,U,N);11|(W,U,N);,(W,U,N);—1,(W,U,N);_o,...)
=Pr ((Wv U, N)t+1|(W’ U, N)t) (B‘ll)

where (W, U, N), denotes Wy = [Wy 4, Wa,], Uy = [Uy 4, Usyl, and Ny = [Ny4, Nay]. Note
that Uy + Usy = Uy = U. In the expressions presented hereafter, we have introduced a
compact expression based on (B.11) with simplified notations Pr(W,; = w, ), Pr(U,; =
M), and Pr(N,, = n,,) respectively.

It is worth mentioning that the Markov chain defined in (B.11) entails high complexity.
In what follows, we opt a lightweight and consistent procedure which consists of the
following three phases. 1) Subsec. B.4.2 performs the analysis of HPT since its behavior
is independent of that of LPT; 2) Subsec. B.4.3 builds a pseudo-aggregated process which
takes into account the correlation or dependence between these two types of traffic for
slot allocation in the same subframe; and 3) Subsec. B.4.4 presents the performance of

LPT.

B.4.2 The Analysis of High Priority Traffic
B.4.2.1 Modeling the HPT process

Consider that a total number of M; devices generate data packets according to a Bernoulli
process with probability a;. Clearly, a Markov chain can be built at the transition instants
as defined above. Using (B.11) and omitting the random variables related to the notations
of LPT, we have the corresponding transition probabilities, i.e.,

Pr ((le U17 Nl)t+1 = <V7 U7j)’<Wl7 U17 Nl)t = (/1‘7 u, Z)) = P,u,,i;zz,j~ <B12)

In (B.12), the following short notations are used: (w,m,n);; = (p,u,4) and (w,m,n); 11 =
(v,v,7). For convenience, we restrict the values of wy; ¢ € N to natural numbers (no-
tice that, according to Step 1 of the DSA-GF scheme, w;; can be any real number).
Such a restriction makes it possible to enumerate or list the states of the Markov chain.
Since there exists a deterministic relationship between u = m;; and p = wy,, ie.,
U= max(ulymm, min(u, ul,max)), only two random variables, W;; and NN;,, are sufficient
to fully describe this Markov chain. In other words, the Markov chain with three sets of
r.v. defined in (B.11) shrinks to a 2D model. Accordingly, the short notation of P, ;. ;
in (B.12) represents the set of corresponding transition probabilities from subframe ¢ to
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subframe t + 1. For expression clarity in the rest of this subsection, subscript “1” which
is meant for HPT is intentionally omitted unless it is explicitly necessary.

Let us first derive the explicit expressions for P, ;.. ; starting with the transition p — v.
Based on the observations of slots for traffic type 1 during subframe ¢, i.e., (h,s,c);
where hy + s; + ¢ = u, the gNB uses a function f((h,s,c):) = /(e —2) — (ht + St)
to estimate the number of backlogged devices, i.e., ;11 = p+ f((h,s,c):) (see Step 1:
First presented in Subsec. B.3.2). After that and following Step 1: Second and Step
1: Third, the estimated number of new arrivals during subframe ¢ is taken into account,
such that the estimated number of devices active at the beginning of subframe ¢ 4 1 is
v = max (1, 0) + Ay

Although p = w; is set to an integer number, in general, neither w;,; nor \; is an
integer number. As v = w;, is also set to be an integer number, we introduce the ‘ceil’
operation such that,

v = [max(u + f((h,s,c)),0) + S\J; v = max(ume, min(v, U1,mam)); Piy1 = min(%, 1>B.13)

Note that the updated probability p;.1 applies to all active devices at subframe ¢+ 1 and
it is restricted to be a fraction of two integer numbers.

Second, we evaluate the transition probability ¢ — j referred to in (B.12). For that
purpose, we consider in the first step the departure process, i.e., for packets that suc-
cessfully finished their transmissions during the actual subframe ¢. At the beginning of
subframe ¢, each of the ¢ active devices chooses to transmit with permission probability p,
or postpone its transmission with probability 1 — p;, respectively. Then, the probability
that z out of i active devices (0 < z < i) transmit in subframe ¢ follows a binomial
distribution, B.(p;) = ({)pi(1 — p:)"~*. With u = my, let R%" denote the probability
that 2z packets (active devices) intend to access over u slots of subframe ¢ resulting in s,
successful transmissions and ¢; collided slots. For any packet transmission, each of the z
active devices chooses, with equal probability, one of the u slots of subframe . Jointly
considering these two sequential and independent actions, we obtain the probability that
within subframe ¢, s; out of ¢ active devices succeed in the transmission of its own packet
whereas the other ¢ — s, devices were involved in collisions or deferred their transmissions.
Analytically, it is expressed as,

Dy (p) =Y Bip)RZ",. (B.14)

Z=St

In (B.14), RZ", can be evaluated using, for instance, the recursions given at [28].

In the second step, we take into account the number of devices that will be active
at the transition instant at the end of subframe ¢. Since the arrival of packets comes
from M, sources each one with activation probability a;, the arrival process follows a
binomial distribution. Jointly considering the departure and arrival processes, which are

independent of each other, we have,
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Puwi= Y. Di (p) A5 (ay), (B.15)

(h s C)fGQl

where A;‘/hl ~"**(ay) follows the binomial distribution, as Af(a;) = Bf(a;) = (];)all(l -
a1)¥~!. The set Q; defined in (B.15) represents the set of (h,s,c); values observed in

subframe t that satisfy the following two conditions,

ot [ u=h+s+c¢ = max(uimin, MIn(, U1 mas));
= { v = max(u+ F((h5,6)0),0) -+ A]. (B.16)

Then, the solution in the steady state regime is given by the stochastic row vector m
(e = 1) which can be obtained from the linear equation # = P with = = {n,,;},P =
{P,iw;}- Here, e is a column vector of all 1’s, m,; is the probability that at the start of
an arbitrary subframe the number of active devices estimated by the gNB is p and the
actual number of active devices is i.

B.4.2.2 Throughput, access delay, and packet loss probability for HPT

Based on 7, we derive below expressions for the performance of HPT in terms of four
parameters as defined below.

Firstly, the mean value of the number of successfully transmitted packets within one
subframe, defined as throughput per subframe, is obtained according to,

Ul,maz i—1
Z Sy Z WMZZD& . (1) Z z'pt(l - %) i (B.17)

S$t=U1,min  (W,i)EA cteC (m2)EA

In (B.17), the set A shown as (p,7) € A contains all possible values in p and ¢ and
the set C shown as ¢; € C contains all possible collided slots such that h; + s; + ¢; = .
Observe that the relationship between p = w; and u = my is given in (B.16). The second
equality is obtained after some algebraic operations and the details are omitted for the
sake of brevity. Instead, a short clue is outlined as follows. Using DSA-GF, the expected
number of successful transmissions when ¢ active devices access to a set of u slots with
permission probability p, = min(u/u, 1) is given by,

i1
E(success\(Nt =1,U; = u,py = p = min(u/p, 1)) = z'p(l — B) . (B.18)
u

Then, the last equality in (B.17) is a weighted sum of (B.18) with probabilities ;.

To give further insights on HPT performance in terms of resource utilization, how long
a packet has to stay in a buffer, and how likely a packet may get lost, we define three
other parameters. The mean value of the number of successfully transmitted packets

within one slot, i.e., throughput per slot, which represents resource utilization is obtained
based on (B.17),
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W=l Y um (B.19)
(mi)eA

Thirdly, access delay in this study, d‘;f , is defined as the mean sojourn time a packet
stays in a buffer until it is successfully transmitted. Using Little’s formula, the average
number of customers in our steady state system (which is the mean number of active
devices at the beginning of an arbitrary subframe, obtained by Z im,;) equals to

(mi)eA
d‘if multiplied by the average arrival rate (which is the average number of successful
transmissions per subframe, 'yff ). Therefore, we have

&= > im/n (B.20)
(pyi)EA

The fourth performance parameter, packet loss probability, is defined as the ratio
of the rejected, i.e., offered minus carried traffic, to the offered traffic. For HPT, it is
expressed as

01 = (M1a1 — vff)/Mlal. (B21)

B.4.3 Linking HPT and LPT with a Pseudo-Aggregated Process

Based on the 2D Markov chain that models the HPT behavior, denoted as X, we construct
a tailored pseudo-aggregated process that links the HP'T process with the LPT process.

Inspired by the procedure presented in [27], we make a partition of the states of the
Markov chain X. Let E' = {(u, )} be the set of states of our initial Markov chain X, where
(1 < pu < Eyppaz, 0 <@ < Mj). It is understood that FE 4, represents the maximum
number of active HPT devices that the gNB can estimate. Let us sort the set of states
into the following order,

gu = {(M? 0)7 (,uv 1)7 ce (/’La Ml)}7 n= 17 27 <oy Ul min — 17 UL, min,

U1, min + ]-7 c ooy Ul maz — 17 U1, maz> U1, max + 17 LR El,mam - 17 El,max-

Now, let § = {F (w1 min), - - - F (U1 maz)} be a partition of E such that

f(ul,min) = 51 U 82 U---u Eulymm; f(,“) = g,ua ul,min < M < ul,ma:p;
f(uLmax) = Sul,maz U gul,maz+1 U e U gEl,maz'

Let F be the set of integers {ui min, -, U1maz}. Based on the initial Markov chain
X with known values on E, we associate the pseudo-aggregated Markov chain Y with
potential values on F, defined by: Y; = m <= X; € F(m) for all values of t € Z.
Observe that, due to the mapping procedure, the pseudo-aggregated process includes the
statistics of the number of slots allocated to HPT devices in the same subframe. Then,
the transition probabilities of the pseudo-aggregated Markov chain Y are given as follows,
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]Su,vdzef Z (Wu,i/ Z 7Tu,h> Z Pu,i;u,j; <B22)
)

1€F (1) heF(u JEF(v)

where © = max(ul,mm, min(u, ulﬁmaw)) and v = max(ul,mm, min(v, ume)).

Clearly, the probabilities puﬂ, for uy min < u, v < Ug map constitute the Markov chain
that counts the number of slots per subframe allocated to HPT devices. The Markov
chain defined by (B.22) preserves the mean values (sojourn times in each set of state) of
the original process, but in general higher statistical moments of these two processes are
different from each other.

By solving the linear equation # = #P with # = {#,} and P = {P,,}, the stochastic
vector 7 (e = 1) is obtained. Accordingly, the statistics of the r.v. number of slots
allocated per frame for HPT can be easily obtained. This pseudo-aggregated Markov chain
provides a link between HPT and LPT. This link will be used to analyze the performance
of LPT as presented next.

B.4.4 The Analysis of Low Priority Traffic
B.4.4.1 Modeling the LPT process

The analysis of LPT can be derived in a similar and parallel way as its HPT counterpart.
The main difference is that the number of slots per subframe allocated to LPT is dictated
by the dynamic behavior of the HPT occurring in the same subframe. A link between
both types of traffic is established based on the pseudo-aggregated process defined above,
hence simplifying the analysis of LPT. Intuitively, this approach could loose the “syn-
chronization” or the existing coupling between HPT and LPT. However, the rationale
behind our analysis lies on the fact that this approach largely captures the behavior of
LPT, which utilizes the remaining capacity, i.e., a number of slots in the same subframe
that are not allocated to the HPT transmissions.
Correspondingly, in a parallel way to (B.12) and omitting the r.v. of HPT, we have

Pr ((Wa, Us, Na)ir1 = (v, v, )[(Wa, Uz, Na)y = (11,4, 7)) = Pujvj- (B.23)

In (B.23), the same notations as in (B.12) have been introduced, but now it is referred
to LPT, i.e., (w,m,n)s; = (p,u,?) and (w,m,n)e11 = (v,v,7). However, the difference
between (B.12) and (B.23) is that in the LPT case the transitions wy; = pt — wa 1 = v
and mg; = u — Moy = v evolve independently of each other, whereas the second
transition is dictated by the behavior of the HPT process. Accordingly, in contrast to the
HPT process which is represented by 2 random variables, 3 random variables are needed
to identify the Markov chain of the LPT process.

The evaluation of (B.23) is similar to the counterpart model of HPT. First, for the
transition (p, i) — (v, ), we consider the packets that have been successfully transmitted,
i.e., the departure process (see (B.14)).
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D" (p) =Y Bi(p)Ri",. (B.24)

2=5¢
where RZ", has the same meaning as in (B.14). Furthermore, in parallel to (B.15), we
have the following expression for LPT.

Puiwi = 3. Dila(p)A3 0" (a2), (B.25)
(h,S,C)tEQQ
where Aé‘ﬁ;@“(ag) follows the binomial distribution similar to the one presented in (B.15)

but for LPT. In (B.25), the set 2 defined as (h, s, ¢); € €9 is the set of values that satisfy
the following two conditions,

U= ht + S+ ¢ 7é maX(UQ,mim min(,u, u2,mam));

v = [max(u+ f((h,s,c)),0) + S\J

def

Oy = (B.26)

To gain clarity in the rest of this paragraph, we have recovered the notations with
subscripts in mg,; and w,; where x = 1 for HPT and x = 2 for LPT, respectively.
Consider that, at subframe ¢, we have my; = U — my ;. In the next subframe ¢ + 1, the
gNB will allocate mg 41 = U — my 441 with probability B, given by (B.22), i.e.,
by the transition probabilities of the pseudo-aggregated Markov chain. In other words,
the number of slots per subframe allocated to LPT by the gNB in the next subframe ¢+ 1
only depends on the transitions m;; — m; 41 of HPT. We highlight this fact with the
inequality of (B.26). Then, the equivalent expression of (B.13) for LPT devices becomes,

1,t,M1,t41

v = [max(wa; + f((h,s,¢)2),0) + 5\z,ﬂ; v="mop1 = U —myp;
(B.27)
D2,i+1 = m1n<7£22::11, 1) = min(%, 1).

By combining (B.25) with the transition probabilities (B.22) of the pseudo-aggregated

Markov chain, we obtain the transition probabilities corresponding to the Markov chain
for LPT,

Pyiwwg = P Pr—ut—v. (B.28)

Note that P,;,; in (B.28) refers to (B.25), i.e., it is meant for LPT and it differs
from (B.15) which refers to HPT. Through (B.28), we claim that 1) the product of both
probabilities reflects the ‘independence’ in the treatment of both types of traffic; and
2) the correlation or dependence between HPT and LPT is taken into account with the
transition probabilities (B.22) of the pseudo-aggregated Markov chain.

The steady state regime for LPT is given by the stochastic row vector 7 (we = 1)
derived by solving the linear equation 7w = 7P with @ = {7, ,,;} and P = {P, .0}
Then, 7,,, is the steady state probability at the start of an arbitrary subframe of the
number of active devices estimated by the gNB being p, the number of active devices
being 7, and the slot allocated to the LPT flows being u.
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B.4.4.2 Throughput, access delay, and packet loss probability for LPT

Similar to the HPT case, we assess the performance of LPT with respect to the same
four parameters defined above. In particular, the throughput per subframe for LPT is
obtained as follows

U2,mazx i—1
W= s D T » D)= > ipt<1—%) M- (B.29)

st=1 (myu,i)EA cteC (1ug)EA

The second equality in (B.29) is derived in the same way as what is deduced in (B.17).
In a similar way as for (B.19), the expression of the throughput per slot for LPT is
obtained as

Wl =Y (B.30)

(m,2)EA

Similar to (B.20), the access delay for LPT is obtained by

a3 = Z im0 /75T (B.31)

(mi)eA

Lastly, similar to the expression in (B.21), the packet loss probability for LPT is
defined as

02 = (M2a2 — ’y;f)/MQCLQ. (B32)

B.5 Simulations and Numerical Results

This section presents the numerical results obtained from both the analytical model and
discrete-event based simulations. The proposed DSA-GF scheme has been implemented
based on a custom-built simulator constructed in MATLAB which mimics the behavior
of the scheme. Extensive simulations are performed under various configurations. The re-
sults with respect to the four performance parameters defined in Sec. B.4, i.e., throughput
per subframe/slot (in terms of number of packets per subframe/slot), access delay for the
successfully transmitted packets, and packet loss probability, are presented below. Two
other GF access schemes, known as complete sharing and GF reactive (see Subsec. B.5.5),
have also been implemented and the performance of these three schemes is compared with
each other therein. The applicability of DSA-GF to two other numerologies is validated
in Subsec. B.5.6.

B.5.1 Simulation Setup and Model Validation

Consider an NR cell with all three GF schemes, i.e., DSA-GF, complete sharing, and GF
reactive, enabled. As mentioned earlier in Subsec. B.2.2, although the total number of
mMTC devices covered by the cell could be large, the number of devices attempting for
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Figure B.3: Throughput of HPT when Mja; = 1 and 1 min = 1, U1 mex = 4,5,6, 7.

channel access at a given subframe is considered to be rather limited. In this study, we
consider that the device population for each type varies from 10 up to 100, coupled with
different activation probabilities. The offered traffic intensities are represented by M;a,
and Msay (in terms of packets per subframe) for HPT and LPT, respectively. Except
Subsec. B.5.6 which considers numerology 8 = 2 and f = 4, we adopt 8 = 3 for our
performance evaluations in all simulations presented below. Note that no matter there
are U = 4,8, or 16 slots in each subframe, all of them are available for GF transmissions
(discussed in Subsec. B.2.1). For these simulations, we set u e < U — 1. That is,
Uz min = 1. The other parameters like 4y, are configured in favor of HPT performance
with the concrete values shown in each figure caption or the corresponding explanations.
For all simulation results presented below, we report the average values obtained from
multiple runs of simulations.

The accuracy of the developed Markov model is verified through extensive simulations.
Under all network configurations, the analytical and simulation results coincide with each
other so tightly that the curves obtained from these two methods are largely overlapping.
As such, the accuracy of the developed Markov model is validated. As two examples,
we plot separately in Figs. B.4 and B.5 the curves obtained from both analysis and
simulations. For the sake of illustration clarity, we do not plot both sets of results in
other figures.

B.5.2 HPT Performance with Variable Device Population

As explained earlier, the performance of HPT is independent of that of LPT. Accordingly,
we evaluate the performance of HPT by varying the number of HPT devices M; and the
activation probability a; while keeping the offered traffic constant as Mja; = 1. Keep in
mind that the actual number of slots allocated to HPT per subframe is governed by the
DSA-GF scheme where both g y;, and Uy e, are tunable parameters but they do not
vary on a subframe or frame basis.

The performance of HPT in terms of throughput per slot and per subframe is illus-
trated in Fig. B.3 where uy i = 1 and uy 4 = 4,5, 6, or 7 respectively. It is clear that
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Figure B.5: Packet loss probability of HPT when Mja; = 1 and w1 min = 1, U1 mez =
4,5,6,7.

the achieved throughput per slot for these configured wy iy and uj ;mq, values is slightly
higher than the maximum throughput for slotted ALOHA i.e., 1/e ~ 0.3679, which is
obtained with an infinite population. This is because the number of devices in our simu-
lations is finite. For instance, for a fixed value of M; = (10, 20, 30, ..., 70, 80), the resulting
successful probability takes the values as (0.3874,0.3774,0.3741, ...,0.3705, 0.3701) respec-
tively, indicating a slightly lower successful probability which approaches the throughput
per slot for slotted ALOHA as M; increases.

On the other hand, we observe that, as M; becomes larger, 1) the achieved throughput
per subframe increases monotonically towards a maximum value and 2) these values are
much higher than that of the throughput per slot. For 1), note first that when a collision
occurs, the corresponding packet remains pending to the next subframe. This behavior
contributes to an increased number of packets awaiting to be transmitted. Furthermore,
the devices that succeeded in the current subframe will also generate with probability a;
one packet ready for transmission in the next subframe. The net effect is that, when M;
increases, the mean value of the number of backlogged packets increases slightly and more
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Figure B.6: Throughput per subframe and per slot for LPT under various offered traffic
M2a2 where M1a1 =1 and M1 = 100, UL, min = 5, UL, max = 7.

slots will be allocated to HPT, resulting in thus higher throughput per subframe. For 2),
it is because multiple slots within the same subframe are utilized by HPT devices. For
example, when (U min, U1 maz) = (1,4),(1,5),(1,6), or (1,7) and M; = 30, there are on
average 2.5555, 2.5842, 2.5939, or 2.5969 number of slots allocated to HPT respectively.
Indeed, this result is in accordance with the relationship between per subframe and per
slot throughput expressed in (B.19).

Furthermore, the obtained access delay and packet loss probability performance is
depicted in Figs. B.4 and B.5 respectively. With a larger device population, DSA-GF
needs more subframes to accommodate HPT packets, leading to an increasing trend for
access delay. On the other hand, the achieved access delay decreases significantly with
a larger u ;4 due to the fact that more slots are available for HPT. With a larger
U1,mas Value, a competing device obtains a higher probability of selecting a unique slot
for successful transmission, resulting in a lower delay. In Fig. B.5, it is shown that a
larger 4, leads to a lower loss probability. With a lager number of HPT devices,
the activation probability decreases in order to maintain constant offered traffic. Hence,
the impact of buffer limitation is reduced. Correspondingly, the packet loss probability
decreases with an increasing M;. Moreover, one may notice a decreasing gap between two
adjacent curves in these two figures with a larger u; ,,,4,. This is because the performance
acceleration rate declines when g ;,4, increases.

B.5.3 LPT Performance with Variable Offered Traffic

To evaluate the performance of LPT devices, we vary the offered traffic load by LPT
devices Msay given that Myja; = 1 with M; = 100 and (41 min, U1,mez) = (5,7). Under
such traffic conditions, the average number of slots allocated to HPT is my; ~ 5.0115.
Accordingly, LPT obtains ms,; ~ 2.9885 slots on average. Figs. B.6-B.8 illustrate the
performance in terms of the four parameters defined above.

Fig. B.6 illustrates the obtained throughput per subframe/slot for LPT as Msas in-
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creases. Initially, the throughput per subframe increases linearly with Msa, and gradually
the behavior reaches a stable limit when the network approaches saturation. A similar
trend is observed for the behavior of throughput per slot. The reason is as follows. Since
our scheme follows the principle of ALOHA, the highest throughput that can be achieved
is May/e = 2.9985/2.7183 = 1.1031. Therefore, as long as Msas < 1.1031, LPT will
exhibit a linear throughput response corresponding to the offered LPT traffic load. The
more we increase the offered traffic Msas, the closer we are approaching to the theoretical
limit. When Msa, approaches the value of 1.1031, the curve starts to bend and in an
asymptotic way it reaches the maximum throughput value.

Fig. B.7 reveals the access delay for successful LPT packet transmissions. When the
LPT traffic load increases, a higher number of collisions occur, causing packets to wait
for a longer period of time in the buffer. Accordingly, the average delay increases. Recall
that devices are equipped with a buffer of unit size. When a new packet arrives and finds
the buffer full, it is rejected. This is indeed the implementation of the packet rejection
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mechanism [26]. It causes a higher packet loss probability when the offered LPT traffic
increases, as shown in Fig. B.8.

Although a loss probability higher than 1% is out of interest, it is worth studying the
asymptotic behavior of the loss probability for LPT, i.e., when as — 1. Under the principle
of blocking a new packet when the buffer is occupied, the asymptotic loss probability can
be expressed as the fraction (My — Mg e!) /M. Tt becomes 0.9725, 0.9843, and 0.9989
for My = 40,70, and 100 devices, respectively. These values match perfectly the results
provided by the Markov model. Furthermore, due to the introduction of a single size
buffer, the asymptotic behavior of the delay performance can be derived as follows. For
a given number of LPT devices Ms, when a; — 1 (which is the condition for saturation),
all My buffers are full, each with one packet ready for transmission at the beginning of
each subframe. Since the mean number of successful transmissions per subframe is given
by Ty e~ !, the mean number of subframes that a given packet has to wait in its buffer is
given by Mse /M. Following the same illustrative example given above with M, = 40, 70,
and 100 LPT devices, the obtained access delay becomes 36.3832, 63.6706, and 90.9581
subframes, respectively. The same as above, these results are in precise agreement with
the ones obtained from the Markov model, as expressed in (B.31).

B.5.4 Impact of Offered HPT Traffic Load on HPT/LPT Per-
formance

To assess the impact of offered HPT traffic load on the performance of both HPT and
LPT, we perform two sets of simulations, with a combination of constant or variable traffic
loads for HPT or LPT respectively. As already discussed above, the performance of HPT
remains constant throughout the whole range of the Msas variations. In other words,
these results confirm that HPT’s performance remains intact regardless of the variations
of the injected LPT traffic load.

On the other hand, LPT’s performance will be dominated by HPT traffic intensity
since LPT can only occupy the remaining slots in the same subframe that are not allocated
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to HPT packets. As shown in Fig. B.9, while the HPT throughput per subframe increases
linearly as Mja; increases (until the saturation point), the LPT throughput per subframe
has to sacrifice its performance. With respect to the performance of DSA-GF in terms of
access delay and packet loss probability shown in Figs. B.10-B.11, it is convincing that
HPT achieves better performance than LPT does.

B.5.5 Performance Comparison with Complete Sharing and GF
Reactive

First of all, note that no traffic classification is introduced in these two reference schemes.
Before presenting the results, let us outline briefly the principles of these two schemes as
follows. 1) Complete sharing works similarly as the proposed scheme. However, the slot
allocation and data transmission process in complete sharing does not enable any priori-
ties. Instead of treating HPT and LPT separately, a single class of arrivals will compete for
access in all available slots in each subframe. The packet transmission probability is dy-
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namically adjusted on a subframe-by-subframe basis following the same pseudo-Bayesian
estimation process. 2) The GF reactive scheme discussed in Subsec. B.1.1. No permission
probability exists in this scheme, i.e., a failed transmission attempt shall for sure try again
in the next subframe. To avoid the situation that an ‘unlucky’ packet could attempt to
transmit forever, a retry limit of 10 is configured in our simulations for GF reactive. In
this study, we do not include any proactive GF scheme due to the consideration that high
collision could occur for GF proactive with K > 1 since two or more packet replicas from
the same device will compete for slot access inside the same subframe in GF proactive
schemes.

The numerical results obtained from the three studied schemes are compared in Figs.
B.12-B.14 where GF-R and CS in the legends stand for GF reactive and complete sharing,
respectively. With respect to the achieved throughput per subframe, the values obtained

111



Paper B

10! ‘ ‘

- —6—L

6 OtGF-R | 1
7””""7"""@7”/”77 —*—Tot

Packet loss probability

10 20 30 40 50 60 70 80
Number of devices M1:M2:MT/2

Figure B.14: Packet loss probability comparison with GF reactive and complete sharing
(Mlal — M2a2 - 17 UL, min = 57ul,maa} = 7)

from all three schemes (for DSA-GF, it is meant for the sum of HPT and LPT throughput)
are very close to each other (the curves for throughput per slot for GF-R and CS are
indeed overlapping). This is because the offered traffic in all cases is high enough so that
the highest slot utilization has been reached. Thanks to the privilege given to HPT with
(U1 min, U1,maz) = (5, 7), the throughput per subframe for HPT exhibits the highest values,
at the cost of reduced LPT throughput.

When it turns to access delay, one may observe a similar trend. That is, HPT achieves
the lowest delay across the whole range of device populations, obtained after a small
sacrifice of LPT’s delay. On the other hand, the reason that GF reactive reaches lower
access delay than complete sharing does is that more access opportunities are given to
GF reactive devices due to the fact that there is no permission probability as well as the
constraint of the retry limit.

Let us now compare the performance in terms of packet loss probability for those
three schemes. It is convincing that HPT under the DSA-GF scheme achieves the lowest
packet loss probability thanks to its access privilege. This result reveals once again the
benefit brought by introducing priority for dynamic slot allocation. On the other hand,
when comparing the packet loss probabilities for complete sharing and GF reactive, the
results meet our intuition that complete sharing performs better. This is because complete
sharing imposes access control via a permission probability when collisions are detected
in the previous subframe, thus limiting the number of competing devices in the current
subframe. Given that the number of slots in each subframe is fixed, the lesser the number
of competing devices, the lower the packet loss.

B.5.6 Applicability of DSA-GF to Numerology /=2 and =14

Considering that the subframe duration is fixed for all numerologies as 1 ms, we keep
the offered traffic per subframe constant, however, with different combinations of device
populations and activation probabilities. More specifically, for § = 4, we configure four
sets of device populations as M; = M, = 40,60, 80, and 100 for HPT and LPT, each set
coupled with an activation probability of a; = as = 1/20,1/30,1/40, and 1/50 respec-
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Figure B.16: Applying DSA-GF to three numerologies, 5 = 2, 3, and 4 respectively:
Access Delay.

tively. In this way, the offered traffic per subframe equals to M,a, = 2 for each type of
traffic, i.e., 2 packets/subframe. For § = 3 and 2, devices are split into 2 and 4 groups
respectively due to resource allocation explained in the next paragraph. Accordingly, we
have M,a, = 1 and 0.5 per subframe for § = 3 and 2, since there are 2 and 4 parallel
subframes respectively. Detailed configurations on M, and a, for each numerology can
be found in Figs. B.15-B.17.

To accommodate the offered traffic, the gNB can either allocate one subframe for
B = 4, or two parallel subframes over the frequency domain for § = 3. This configuration
is reasonable since the subcarrier spacing in § = 4 is twice as much as in § = 3. Following
the same logic, there will be four parallel subframes over the frequency domain when 5 = 2
is adopted. As such, the total number of slots in all three numerologies is the same as 16
slots, however, grouped into 4, 8, or 16 slots per subframe for g = 2, 3, or 4 respectively.
Accordingly, we configure the tunable parameters as (U1 min, U1.maz) = (2,3),(4,6), and
(6,12) respectively.

In Figs. B.15-B.17, the performance of the DSA-GF scheme is illustrated as a his-
togram for the four sets of device population and activation probability configurations
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respectively. As shown in Fig. B.15, the achieved throughput per slot remains almost
constant in all three numerologies. On the other hand, the throughput per subframe is
doubled when a higher-level numerology is adopted. As expected, the achieved through-
put per subframe reaches 0.4865, 0.9736, and 1.9522 for § = 2, 3, and 4 respectively. This
is due to the fact that more slots per subframe are available with a higher-level numerol-
ogy. When observing the achieved packet loss probability in Fig. B.17, it is evident that
a higher-level numerology leads to lower packet loss. This is because more slots are aggre-
gated in one subframe as resources for devices to share when a higher-level numerology is
adopted. In addition, for a fixed numerology, the probability of packet loss decreases as
M increases, since as reduces when Msas is constant.

Finally, let us compare the performance of HPT and LPT. Although the offered HPT
and LPT traffic is the same, the achieved throughput per subframe for HPT is slightly
higher that of LPT. As a consequence, better performance has been achieved for HPT
than for LPT in terms of access delay and packet loss probability. This benefit is brought
by the priority enabled DSA-GF adaptive algorithm which performs well in all studied
numerologies and network configurations. As shown in Fig. B.16, the access delay for
HPT is slightly decreasing with a higher-level numerology whereas (much) higher delays
are experienced by LPT. The same trend applies to the packet loss probability performance
as well, as illustrated in Fig. B.17. Obviously, better performance for HPT can be achieved
by increasing the values of uj i, and uj me., at the expenses of slight penalties for the
performance of LPT.

B.5.7 Further Discussions

The DSA-GF scheme considers the distinctive characteristics of two co-existing traffic
types in a 5G NR network. Although it is unavoidable to sacrifice the performance of
LPT in order to ensure the high performance of HPT, serious access congestion for LPT
can be avoided or minimized through proper parameter configurations. In general, there
is a tradeoff between the performance of these two traffic classes when deciding the values
for w1 min and U1 maz-
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Furthermore, 4} yn and ug mee are two configurable parameters. Their values are con-
sidered to be pre-configured based on gNB’s observations as well as service requirements
and do not change over a short term (i.e., neither on a subframe-by-subframe nor on a
frame-by-frame basis).

B.6 Conclusions and Future Work

This paper presents a priority enabled GF access and data transmission scheme which
enables dynamic slot allocation for heterogeneous GF traffic in 5G NR networks. Based
on the NR frame structure, the proposed scheme grants access privilege for slot occupancy
to high priority traffic based on traffic estimation and the observed transmission status
and allocates the remaining slots in each subframe to low priority traffic. While the
performance of high priority traffic is guaranteed through proper configuration of relevant
parameters, low priority traffic also enjoys satisfactory performance. Furthermore, the
precedence of high priority traffic and the dependence between two heterogeneous traffic
classes are captured through a Markov model which derives a pseudo-aggregated process
to bridge the aforementioned dependency. Through both analysis and simulations, we
demonstrate the elegance and effectiveness of the scheme with respect to four performance
parameters, i.e., throughput per subframe and per slot, access delay, and packet loss
probability, as well as its applicability. To achieve optimal performance, proper parameter
tuning is needed based on network setup and traffic conditions. How to adjust i mn
and Uy e, configurations periodically, e.g., in the order of seconds, over a long term, or
reactively depending on real-time traffic measurements, and how to deal with estimation
error are left as our future work.
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Appendix: A List of Notations

Table B.4: Summary of notations and descriptions

Notation Description

T Traffic type index where x = 1 and x = 2 represent HPT and LPT respectively

153 Numerology index in the NR frame structure where 0 < g < 4

N (2) The set of natural (integer) numbers

M, Number of HPT and LPT devices

Qg Probability of generating one data packet per subframe for traffic type z, i.e., activation prob-
ability

M,a, Offered traffic of type x

U The number of slots per subframe (with its value decided by the adopted NR numerology)

Ug min The min. number of slots allocated to traffic type x

Uz, maz The max. number of slots allocated to traffic type x

Wt r.v. of the number of active devices estimated by the gNB for traffic type = at subframe ¢

Uzt r.v. of the number of slots allocated by the gNB to traffic type x at subframe ¢

Nyt r.v. of the number of active devices of type x according to the packet arrival and departure
processes

Wy t Number of packets of type x estimated by the gNB ready for transmission at subframe t

Eymax The maximum value of W ; estimated by the gNB

Mgt Number of slots allocated to traffic type x at subframe ¢ (mq,, +ma, =U)

M t Average number of slots allocated to traffic type = at subframe ¢

Nyt Number of active devices of type = at subframe ¢ according to the packet arrival and departure
processes

(1w, 7) Simplified notation for (wg ¢, Mg ¢, Mg t)

(v,v,7) Simplified notation for (wg 41, Mg t4+1, Na,t+1)

P v, The set of transition probabilities from subframe ¢ to subframe ¢ + 1

T i Steady-state probability that, at the beginning of a subframe, the number of active devices
estimated by the gNB is p, the number of allocated slots is u, and the number active terminals
is 4

]ADWJ The set of transition probabilities from subframe ¢ to subframe ¢ 4+ 1 for the pseudo-aggregated
process

Ty Steady-state probability of number of slots occupied by HPT

Dat Permission probability for packet transmissions in subframe ¢

ha t Number of unused slots (holes) in subframe ¢

Syt Number of successful slots in subframe ¢

Ca t Number of collided slots in subframe ¢

(h,s,C)at The set of observations at subframe ¢

S\N The estimated number of new devices that have become active during subframe ¢

Wy 141 Number of estimated backlogged devices which will be active in subframe ¢ + 1

éffw (p) Probability that within subframe ¢, z out of ¢ active devices transmitted with permission prob-

ability p, and the result is s; successes and c¢; collisions

Bi(py) Probability that z out of ¢ active devices (0 < z < 4) transmit in subframe ¢ following a binomial
distribution

Q, The set of (h, s, ¢) values observed in subframe ¢ for traffic type z

sf Total throughput per subframe for traffic type x

0, Packet loss probability for traffic type z

ryslot Total throughput per slot for traffic type =

dst Delay for traffic type x, in number of subframes

A The set of all possible values in p and i, (u, 1)

C The set of all possible collisions such that h; + s; + ¢; = u

The set of states of the Markov chain for HPT

118




Paper C

Title:
Authors:
Affiliation:

Conference:

URL:

Copyright (©):

Supervised Learning based Arrival Prediction and Dynamic
Preamble Allocation for Bursty Traffic

Thilina N. Weerasinghe, Indika A. M. Balapuwaduge, and
Frank Y. Li

Dept. of Information and Communication Technology, Uni-
versity of Agder (UiA), N-4898 Grimstad, Norway

IEEE Conference on Computer Communications Workshops
(INFOCOM WKSHPS), April 2019

https:/ /ieeexplore.ieee.org/document /9093789

IEEE

119






Enabling mMTC and URLLC' in 5G

Supervised Learning based Arrival
Prediction and Dynamic Preamble
Allocation for Bursty Traffic

Thilina N. Weerasinghe, Indika A. M. Balapuwaduge, and Frank Y. Li

Abstract - Achieving ultra-reliable low latency communications (URLLC)
in massive machine type communication networks requires novel medium ac-
cess mechanisms to accommodate a huge number of traffic arrivals. Random
access based on LTE-A suffers from collisions and long latency when two or
more devices select the same preamble to initiate channel access simultane-
ously and this problem becomes severe in mMTC networks. In this paper,
we propose a machine learning based scheme that allows an eNB to predict
the number of arrivals at each random access slot and allocate preambles ac-
cordingly. We demonstrate that, by combining arrival prediction with group
based dynamic preamble reservation, the grouped devices are able to achieve
URLLC under bursty traffic conditions and meanwhile the performance of
non-grouped devices is also improved.

C.1 Introduction

Driven by various novel application scenarios, the development of 5G mobile and wire-
less communication standards is focusing on three main technological directions, i.e.,
enhanced mobile broadband (eMBB), massive machine type communications (mMTC),
and ultra-reliable low latency communications (URLLC). While mMTC is expected to
accommodate 1+ million connections per square kilometer, URLLC is targeted at provid-
ing ultra-reliability levels with very low latency for certain types of, e.g., mission-critical,
services. When the number of devices attempting to access the network is large, it often
results in access congestion due to competitions among devices for scarce resources and
thereby deteriorating their performance. This situation becomes even more challenging
for bursty traffic. Therefore, such problems need to be addressed to a satisfactory degree
in order to achieve URLLC for mMTC. However, the long-term evolution advanced (LTE-
A) based random access (RA) process is not designed to facilitate a very large number
of devices due to its limited number of available preambles. This limitation may increase
collision probability and lead to long latency.

In [2], the 3rd generation partnership project (3GPP) specifies several possible solu-
tions to address LTE RA congestion. One popular solution is access class barring (ACB)
based schemes according to which devices are classified into access categories with differ-
ent access probabilities and barring times. Moreover, approaches like dynamic resource
allocation, MTC specific backoff, slotted RA, and pull based (i.e., eNB initiated) access
procedures were also considered in [2]. In addition to 3GPP based solutions, there exist
also other approaches proposed to reduce RA congestion (see e.g., [2] and the references
therein). Moreover, group based access schemes have also been proposed to reduce colli-
sion probabilities [3]. However, while these solutions contribute towards reducing random
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access channel (RACH) congestion, they do not adequately address the URLLC require-
ments. Consequently, these solutions often provide high levels of reliability at the cost
of long latency. For URLLC, the tradeoff between reliability and latency needs to be
addressed.

To estimate traffic arrivals at an eNB is one potential technique that can be utilized to
prevent the occurrence of congestion at an early stage which leads to reduced latency. For
ACB based random access, there exist some studies which focus on estimating random
access load and then adjusting ACB parameters using different methods. For example, [4]
proposed a congestion-aware admission control mechanism in which MTC signaling traffic
is rejected at the radio access network with a probability p that represents the level of
congestion. It utilizes a proportional integrative derivative controller to derive the value
of p. A Markov chain based traffic load estimation scheme was proposed in [5]. As
a machine learning based effort, [6] proposed a reinforcement learning based approach
to dynamically adjust the ACB barring rate. While most of these solutions focused on
parameter tuning for the ACB scheme, it is imperative to investigate how the observed
data at an eNB can be combined with machine learning techniques to achieve real-time
predictions of arrivals data which enables URLLC.

In this paper, we propose a supervised learning based random access scheme which
first predicts bursty traffic arrivals at an eNB and then allocates preambles for group
based access. The prediction is based on the detected number of preambles at the eNB.
According to its prediction, the eNB is able to dynamically evaluate traffic arrival condi-
tions and allocate preamble resources to different types of user groups. By combining a
group based access phase along with bursty traffic prediction, the eNB is able to provide
URLLC services to a set of mMTC devices.

The remainder of this paper is organized as follows. Sec. C.2 provides the background
information and problem statement for this study. Thereafter, Sec. C.3 presents a machine
learning based approach for predicting the number of arrivals, followed by Sec. C.4 which
proposes one scheme for achieving URLLC based on arrival predictions. The numerical
results are provided in Sec. C.5. Finally, the paper is concluded in Sec. D.6.

C.2 Background and Problem Statement

In this section, we first present some related background for this study and then introduce
the problem statement.

C.2.1 LTE-A RACH Process

Consider that multiple MTC end user devices are covered by the same eNB. When an
uplink communication is required, an LTE-A device needs to follow a 4-step random access
procedure [7], as illustrated in Fig. C.1. Each device needs to randomly select a preamble
from a set of R available preambles which are periodically advertised by the eNB. These
R preambles are orthogonal to each other and the selected preambles are transmitted in
the next available RA slot which appears every fifth subframe [7]. If two or more devices
select the same preamble to transmit in the same RA slot, a collision of preambles may be
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Figure C.1: 4-step LTE-A random access for MTC devices.

detected and the collided devices will not receive a Msg 2, i.e., a random access response
(RAR) message, from the eNB. If no Msg 2 is received within a timeout period, the
devices will retransmit Msg 1 up to a maximum number of times, N,,... A retransmission
follows the same procedure as mentioned above but happens after a backoff time selected
randomly from the range of [0, Wpo — 1], where Wpgo is the backoff window size.

If a preamble is successfully received at the eNB, it will reply with Msg 2 in Fig. C.1.
If two or more devices select the same preamble and transmit within the same RA slot
but the eNB cannot detect a collision at Step 1, then Msg 3 and Msg 4 will be exchanged
to resolve the contention.

C.2.2 RACH Limitations

A main constraint of the LTE-A RA process is the limited number of preambles available
for a cell. According to [7], 64 preambles can be allocated for a particular cell and out of
these a certain amount, typically 10, is reserved for non-contention based transmissions
like handover traffic. The rest are considered to be available for the competing devices
for random channel access.

When a large number of devices attempt to access the channel at the same time, the
preamble collision probability increases. Additionally, this will result in longer latency
for successfully accessed devices. This problem is even more serious for mMTC scenarios
where the number of competing devices could be much larger. To demonstrate this effect,
we illustrate in Fig. C.2 the access success probability for a bursty mMTC traffic scenario
with an increasing number of devices based on the analysis in [8] and the simulations we
performed. It can be observed that when the number of devices is very large, i.e., 30000
or more, the access success probability decreases sharply to an unsatisfactory level.

Generally, traffic arrivals for periodic data reporting are considered to follow an uni-
form arrival process. On the other hand, event-driven data reporting which often leads
to bursty traffic arrivals is assumed to follow a Beta distribution based arrival function
as expressed below
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Figure C.2: Access success probability for a varying number of total devices.

AG) = M /t _t”l ()t (C.33)

where A(i) represents the access intensity for a total number of M devices accessing an
RA slot i between time t; and ¢;,1. In (C.33), p(t) = (t* YT — t)#~1) /(TP Beta(a, B))
with Beta(a, 8) being the Beta function with a = 3 and § = 4. T is the total observation
time for traffic arrivals [2].

C.2.3 Problem Statement

Considering the drawback in the LTE-A RA process as discussed above, it is imperative
to introduce novel solutions to enable URLLC based applications. Since an eNB does
not have sufficient information on the number of devices attempting random access at a
particular time, it is difficult to implement real-time dynamic preamble allocation based
solutions which satisfy the needs of URLLC.

Assuming that a preamble is correctly received by the eNB, collision detection at the
eNB depends on several factors like the delay spread and the signal strength received from
the competing devices. The eNB may detect a preamble even though multiple devices
are transmitting the same preamble, if the devices are separated sufficiently far away
from each other. On the other hand, when multiple devices are closer to each other, the
preamble transmissions overlap with each other and the eNB cannot distinguish whether
there are two or more users transmitting using the same preamble. Hence, Msgs 3 and 4
are needed to resolve the collision. Generally, it is difficult to use the previous collision
data to predict the future MTC arrivals accurately.

In this work, we resolve this issue by proposing an arrival prediction based preamble
allocation (APPA) scheme which consists of two phases. 1) We first propose a machine
learning based technique to predict the number of arrivals in a given RA slot based
on the number of successful detections at the eNB; and 2) we then propose dynamic
preamble allocation to achieve URLLC based on the estimated arrivals. In the following
two sections, we present these two phases in details.
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preambles following a bursty arrival process.

C.3 APPA Phase 1: Arrivals Prediction

In this section, the proposed machine learning based prediction technique is presented. It
corresponds to the first phase of APPA as shown in Algorithm 1.

C.3.1 Arrivals versus Successful Access: A Dilemma

For a given RA slot, the total number of arrivals consists of new arrivals and the retrans-
missions from previously failed devices. Due to collisions and detection failures, only a
few number of such arrivals are correctly decoded at the eNB. In some cases, not all the
detected devices will receive Msg 2 due to the limit on the number of devices that can be
responded in a given RAR message.

A substantial distinction between the numbers of arrivals and detections within an
RA slot under a bursty traffic scenario can be observed in Fig. C.3, which is obtained
based on 30000 devices in a period of 10 sec with R = 54 preambles. The numerical
results presented in this figure are generated following the LTE-A RA process [2] and
the analytical model proposed in [8]. It is evident that the actual number of arrivals
consisting of the initial arrivals and the retransmissions is much higher than the initial
arrivals itself. Hence, the number of retransmissions caused by collisions is a major cause
for further collisions. Furthermore, it is observed that the number of successfully detected
preambles initially increases with the increasing number of arrivals and then decreases to
a lower value as the arrival traffic reaches its peak around the 850" RA slot. Thereafter,
the success rate increases when the number of arrivals decreases, and then it reaches null
corresponding to zero arrivals.

In reality, not all the information illustrated in Fig. C.3 is available at the eNB.
Instead, the eNB has only knowledge on how many preambles are successfully detected
at each RA slot. From the above observations, we argue that there is a clear relationship
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Algorithm 1 Algorithm for arrival prediction and group based dynamic preamble allo-
cation

Input for Phase 1: Training data including Detections, Arrivals, and Current arrival
type; Validation data including Number of detected preambles (real time); Bursty
arrival threshold;

Input for Phase 2: Initial arrival type; Number of levels (L); Priority level for each
group (1); Number of groups per level (N;); Device population M; Number of available
preambles at eNB R; Number of priority levels (L); Assigned priority level [ for each
group; Number of groups with priority level [ (N;), priority level | group threshold 7.

Output: Predicated number of arrivals at each RA slot; Dynamic preamble allocation

and group enabling

Phase 1: Prediction of Arrivals:

Training: Smooth input data via Savitzky-Golay filtering;

Train the model using smoothed training data;

Select the model with minimum RMSE.

Prediction: Input real detection data at each RA slot and current arrival type to

the trained model.

if predicted arrivals > Bursty arrival threshold, then
current arrival type = Bursty

else
current arrival type = Normal

end if

Phase 2: Dynamic Group Preamble Allocation:

10: if predicted arrivals > priority level [ group threshold then

11:  Upgrade N; groups in level [ to highest priority

12:  Reserve preambles for N; groups in priority level [

13:  Inform NGDs about preamble reservation

14:  Update device population and number of available preambles for next prediction
and preamble allocation.

15: else

16:  Go to Line 4 Prediction.

17: end if
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between the number of detections and the corresponding number of arrivals for a given
device population attempting to access the same channel. If the eNB is able to predict the
number of arrivals based on the local available information, i.e., the detected preamble, it
would be helpful to allocate on the fly a number of preambles to reduce RA congestion.
In the following, we propose a machine learning based arrival prediction technique that
utilizes the detected data to predict the number of arrivals at each RA slot.

C.3.2 Arrival Prediction using Supervised Learning

Supervised learning is one type of machine learning algorithms that maps an input to an
output based on labeled training input-output data pairs. It is a widely used technique
that can be utilized for various regression and classification tasks. In this work, we aim
at applying supervised learning to predict the number of arrivals at the eNB.

Fig. C.4 denotes a block diagram which illustrates the main idea of the proposed model
for arrival prediction. The input data available at the eNB is the number of successful
detections at each RA slot. The eNB has also information about the initial arrival type,
i.e, the traffic type is bursty or normal. These two features and the corresponding arrival
data are used as input to train the model to predict the number of arrivals. The trained
model is then validated with the test data. For arrival prediction, we are interested in
identifying the point at which the predicted level of arrivals crosses a certain pre-defined
threshold. This criterion is evaluated with each new data arrival and the result is fed back
to the model to update its information about the current status of the traffic arrivals. In
what follows, we further elaborate the aforementioned process.

C.3.2.1 Input data preparation

For model training, a simulation based data set following the LTE-A RA process is gen-
erated. For initial training, a burst of arrivals with M = 30000 devices for a duration
of 10 sec is considered. These devices compete for 54 RA available preambles following
the RA process described in Subsec. C.2.1. The losses due to channel impairment are
represented using a detection probability p,, where the preamble detection probability
of the n'" preamble transmission is given by p, = 1 — 1/e¢”. In order to increase the
accuracy of learning, the input data is filtered to smooth out any abrupt changes. This
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Figure C.5: Responses from the learning model with RMSE.

is achieved using the Savitzky-Golay (SG) filtering method which enables to increase the
signal-to-noise ratio without significantly distorting the signal. The SG method achieves
this by minimizing the least-square errors in fitting a polynomial to frames of noisy data.

C.3.2.2 Model training

The model training process is carried out through a 5-fold cross validation procedure that
ensures protection against over fitting by partitioning the data set into different folds and
estimating the accuracy of each fold. Different models are evaluated based on root mean
square errors (RMSE) which indicate how close the observed data points are with respect
to the values predicted by the model. Among the models available in the simulation tool,
the tree based models generate the minimum RMSE error. Therefore, the fine tree model
with RMSE ~ 1.0 is selected for our validation. In Fig. C.5, we illustrate the response
plots based on the fine tree model. It reveals that the predicted values (in yellow) match
the real values (in blue which are largely overlapping with the yellow curve) precisely. In
Fig. C.6, we demonstrate the accuracy of the training model by plotting the real response
and the prediction response in the x- and y-axis respectively. With both sets fitting the
diagonal line, the accuracy of the trained model is verified.

C.3.2.3 Prediction model

To validate the training model, another set of simulation data that represents a traffic
arrival burst is generated. The initial traffic arrival type is considered to be normal and
we assume that the eNB can detect the transmitted preambles successfully at each RA
slot. The eNB performs live data detection and relies on the trained model to predict
new arrivals. The data detection result from the current RA slot is added to the existing
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Figure C.6: Responses from the learning model.

data to predict arrivals in the next slot.

When the predicted number of arrivals within an RA slot exceeds the bursty arrival
threshold, the traffic type is assessed to having changed from normal to bursty. Further-
more, different thresholds are configured to measure the bursty level of traffic arrivals. We
will further elaborate this procedure in Sec. C.4. On the other hand, when the predicted
arrival intensity drops below a certain threshold, the traffic type is considered to having
changed back to normal traffic.

Moreover, providing a higher number of training data samples results in a lower RMSE
in the training model. Hence, several iterations of bursty traffic with the same 10 sec
duration are provided for training. Recall that the detection data alone may not provide
sufficient information for accurate arrival prediction. Therefore, we assume that the traffic
type is known initially. With the knowledge on both traffic type and detection data,
precise arrival prediction can be achieved at the eNB.

C.4 APPA Phase 2: Preamble Allocation

The knowledge on the number of arrivals can be exploited in several ways for URLLC
applications. In this section, we present two group based preamble allocation schemes,
one static which serves as a baseline scheme and another one dynamic which is based on
arrival prediction presented above.
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C.4.1 Static Group based Preamble Allocation (SGPA)

In this scheme, MTC devices are grouped based on their URLLC priority levels, location,
and applications. Devices with URLLC access requirements, e.g., those for monitoring
mission-critical information in smart grids or industrial processes, belong to grouped
devices (GDs). Other MTC devices which are covered by the same eNB are regarded as
non-grouped devices (NGDs).

Each group has a dedicated preamble managed by the group leader which has higher
processing and memory capability in comparison with its members. The eNB stores
information about group members and their leaders during the initial registration process.
When a triggering event occurs, the group devices establish an uplink communication with
their associated eNB through a collision-free preamble transmission initiated by their
group leader. By decoding the dedicated preamble, the eNB identifies the group and its
members based on the stored information during the initial registration process. Then,
the eNB will allocate an appropriate amount of radio resources for all the devices in that
particular group. For NGDs, the access process follows the standard RA procedure as
explained in Subsection II-A. However, for a given device population, allocating a suitable
number of preamble to NGDs is not an easy task, especially for bursty traffic. With static
preamble allocation without real-time traffic intensity awareness, the performance of GDs
and/or NGDs may be deteriorated.

C.4.2 Arrival Prediction based Preamble Allocation

In the APPA scheme, we consider that GDs have L different priority levels based on their
URLLC requirements, denoted as 1,2, ..., L in an descending priority order. The devices
belonging to a higher priority level have more stringent latency requirements than those in
a lower level group. Regardless of the arrival traffic type, the highest priority, i.e., level-1,
GDs always have their dedicated preambles reserved for communication with the eNB.
Under normal traffic conditions, other priority level group members follow the legacy
LTE-A RA process the same as NGDs. However, when a traffic burst is observed in the
first phase of APPA, the eNB will dynamically allocate more preambles as dedicated to
a lower level GDs. In this way, more devices will experience collision-free transmissions
based on dynamic preamble allocation.

Whenever a group belonging to a certain priority level is upgraded to the level with
dedicated preambles, its member devices will be able to enjoy collision-free preamble
transmissions through their group leaders. We assume that the eNB transmits the updated
reservation information immediately to all devices. With this information, these GDs will
not compete with the NGDs using the common RA preambles. Accordingly, the number of
preambles available for the NGDs is reduced. Meanwhile, the number of competing devices
is also reduced. Recall, however, that such a preamble allocation update is performed
dynamically based on the predicted traffic arrival. Hence, in comparison with the SGPA
scheme, the preamble utilization efficiency is improved in APPA.
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Figure C.7: Bursty traffic arrivals: Prediction versus actual.

C.5 Simulations and Numerical Results

To evaluate the performance of the proposed schemes, we perform extensive simulations
in MATLAB. Consider a cell with M = 30000 devices and a traffic burst in a period of 10
sec. The devices are categorized into GDs (with 40% of M devices) and NGDs (with 60%
of M devices). These GDs are further classified into L = 3 levels, as 10%, 10%, and 20%
of M devices for level-1, -2, and -3 respectively. For each level, there are multiple groups
each with a number of member devices. As mentioned earlier, each group has only one
dedicated preamble which is managed by the group leader.

For performance comparison, three schemes are studied, i.e., 1) preamble allocation
without grouping (PAWG), 2) SGPA, and 3) APPA. The following three metrics recom-
mended by 3GPP [2] are used for our performance evaluation.

e (Collision probability, P., defined as the ratio between the number of occurrences
when two or more devices transmit the same preamble during the same RA slot and
the overall number of RA opportunities within this slot.

e Access success probability, P,, defined as the probability that a device successfully
completes the RA procedure within V,,,, + 1 transmissions.

e Average delay for successfully accessed devices, D, calculated from the first pream-
ble transmission attempt to the successful completion of the access process.

C.5.1 Validation of the APPA Scheme

To assess the performance of the proposed APPA scheme, we plot two figures to illustrate
the results obtained based on the two phases of APPA/ i.e., Fig. C.7 for Phase 1 and
Fig. C.8 for Phase 2, respectively.

In Fig. C.7, we illustrate both the actual traffic arrivals generated by simulations
and the predicted number of arrivals which is obtained based on the supervised learning
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Figure C.8: Enabling dynamic grouping according to traffic arrival prediction.

algorithm presented in Subsection III-B. It is evident that, despite the sparks occurred
in simulated arrivals, the predicted number of arrivals represents closely the actual data
arrivals.

Let us now explain how the second phase of APPA works using Fig. C.8 which illus-
trates how to allocate the number of dedicated preambles based on the predicted number
of arrivals per RA slot. Following the LTE-A RA process, there are R = 54 preambles
which are available for all M = 30000 devices. However, how to allocate these preambles
depends on the adopted scheme. In PAWG, all devices follow the standard process based
on 54 preambles. In SGPA, certain number of preambles are allocated to GDs beforehand
but the eNB is not aware of traffic arrival patterns.

When APPA is employed, we initially enable only level-1 groups with dedicated pream-
bles. In other words, there are 27k devices, including NGDs and level-2 and -3 GDs, com-
peting for 51 preambles. At around the 407" RA slot, the number of predicted arrivals
exceeds the threshold, which is 50 according our network configuration. Then level-2
groups are upgraded with contention-free preambles. Correspondingly, the total number
of competing devices is reduced to 24k while the number of preambles reduces to 48. At
the 466" RA slot, the predicted arrivals exceed the second threshold, which is 75. Im-
mediately, the level-3 groups are upgraded with contention-free preambles. This causes a
greater reduction of the number of competing devices to 18k, competing for 44 preambles.

At each stage when more GDs are allocated with dedicated preambles, the number
of NGD arrivals decreases significantly since only leaders generate preambles on behalf
of each group. This behavior can be observed in the figure when comparing the original
arrival curve based on PAWG in which all 30k devices compete for these 54 available
preambles. Accordingly, the RA performance could be improved as presented below.
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Table C.5: Performance evaluation of grouped and non-grouped devices

SchemeMetric P. P D,

GDs 0 1 11.0
NGDs with PAWG | 0.4288 | 0.3153 | 67.35
NGDs with SGPA | 0.2909 | 0.5875 | 67.0144

NGDs with APPA | 0.2684 | 0.6816 | 73.5183

C.5.2 Performance Comparison of PAWG, SGPA, and APPA

Table C.5 illustrates the numerical results for the studied three schemes. For grouped
devices with dedicated preambles, denoted as GDs in the table, the collision probability
is zero and the access success probability equals to one. The delay associated with these
devices is calculated to be approximately 11 subframes. In comparison with the other
results shown in the same table, this means that for GDs ultra reliability is achieved
together with very low access delay.

For NGDs, as well as level-2 and /or -3 GDs that do not yet have a dedicated preamble,
all denoted as NGDs in Table C.5, we investigate the benefits brought by APPA based
on the performance metrics defined earlier. It is evident that APPA outperforms SGPA
and APPA in terms of P, and P.. This is because in APPA preamble resources are
dynamically allocated depending on the predicted traffic arrivals. Compared with the
significant improvements for P, and P,, the extra delay cost introduced by APPA is low.

C.5.3 Further Discussions

The delay results shown in Table C.5 have a unit as the duration of a subframe which is
1 ms in LTE-A. In 5G new radio (NR), the transmission time interval (TTI) is shortened
down to 125 us or even 62.5 us. Accordingly, much shorter delay can be achieved, meeting
the requirements for URLLC.

Another potential application of the proposed APPA scheme Phase 1 is to apply
it for dynamic frame structure configuration as suggested in [9]. If a flexible 5G NR
frame structure is implemented, where the TTI size is configurable on a per-user basis
according to its specific service requirement, different TTI sizes can be configured on the
fly depending on the predicted traffic arrival load at eNB. When traffic load is predicted
to be light, a short TTI appears to be more pragmatic for achieving low latency, and vice
versa.

C.6 Conclusions

In this paper, we have proposed a machine learning based traffic prediction and preamble
allocation scheme which encompasses two phases. The first phase relies on local informa-
tion available at the eNB to estimate the number of arrivals within one RA slot. Based on
the prediction, dynamic allocations of preamble resources are performed to enable URLLC
applications. By combining group based preamble reservation with the proposed traffic
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prediction and preamble allocation scheme, we demonstrate, through extensive simula-

tions, that URLLC for grouped devices can be achieved while improving the performance

of non-grouped devices.
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Time-Space Domain Availability Analysis
under Reliability Impairments

Thilina N. Weerasinghe, Indika A. M. Balapuwaduge, and Frank Y. Li

Abstract - Availability and reliability are two essential metrics for the de-
sign, deployment, and operation of future ultra-reliable low latency communi-
cation (URLLC) networks. Despite a vast amount of research efforts towards
URLLC, very little attention has been made on the ultra-reliable communica-
tion (URC) aspect of URLLC from a dependability perspective. As an effort
towards achieving anytime and anywhere communication, this paper consol-
idates a dependability theory based availability concept for individual users
by taking into account reliability impairments that affect URC in both spatial
and temporal domains. To this end, we perform per-user availability analysis
by considering channel status and user mobility patterns in a Poisson Voronoi
network.

keywords - URC/URLLC, per-user availability, reliability impairments, time and space
domains.

D.1 Introduction

Ultra-reliable communication (URC) is an essential requirement for mission-critical and
industry automation applications. To support ultra-reliable low latency communications
(URLLC) to end users, the fifth generation (5G) wireless networks face various chal-
lenges. Many of these challenges for downlink transmissions are related to the reliability
requirements for data and control channels [1]. Achieving URC and URLLC, with re-
spect to reliability, requires a paradigm shift in terms of terminologies, methodology, and
standards in comparison with earlier generations of wireless networks [2].

From the perspective of network operators, a standard availability metric is highly
anticipated to measure the anytime and anywhere operation of their 5G networks as a
key performance indicator. On the other hand, ensuring the accuracy of reliability and/or
availability evaluation requires the capability to adopt to the changes in both time and
space domains together with channel conditions. While most prior work focused on relia-
bility or availability analysis in the time domain, we proposed dependability theory based
definitions to measure network and user availability by focusing on the space domain [3] or
considering both space and time domains [4]. In this letter, we consolidate the proposed
URC availability definition in [4] by including factors that may degrade the reliability
level of a network, known as reliability impairments (RIs) [5], into our availability analy-
sis. When determining an actual reliability level, Rls like excessive interference, resource
constraints, and system failures need to be addressed.

The contributions of this work are as follows. To illustrate the applicability of the ad-
vocated definition, we perform an analysis on the URC level experienced by an individual
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user in a wireless network. In order to reflect the time and space domain significance on
URC availability, a mobility pattern and time varying location of a mobile user (MU) are
considered in this work. Moreover, the channel status of the associated cell is modeled
as a potential RI and its impact on the overall URC availability level is calculated. Ad-
ditionally, we investigate different channel selection strategies when an MU is covered by
more than one cell.

D.2 Per-user Availability

The per-user availability definition presented below is targeted at an individual end user
but it applies to any user [4]. In order to receive services, the user should be located
within the cell coverage according to a pre-defined criterion and there should be a sufficient
number of vacant channels in the network. Furthermore, the effects of RIs could impair
the level of availability experienced by the user even if it is covered.

Let URC-region (UR) denote the region within which URC is achieved despite Rls
and U(t) be the set of coordinates belonging to a UR at time ¢. Furthermore, denote by
pi(t) the position coordinates of user k at time ¢. Considering whether the relationship
pi(t) € U(t) is true or not, we introduce an indicator random variable I, (t) as follows,

; 1, if pu(t) € U()

t) = D.34
we(®) {0, otherwise. ( )

From the theory of dependability, availability is defined as the ratio between mean up
time and total time which is the sum of mean up time and mean down time. Accordingly,
we propose a URC availability definition from a dependability perspective for a single
mobile user, k, as follows,

ttot
L, (t)dt
A, = fOtA (D.35)
tot

where A, is the defined per-user availability and ;. is the total observation time which
is assumed to be sufficiently large. t¢;,; can be decided based on a pre-defined criterion
like travel time or a fixed observation duration. The integral of the indicator function
I, (t) over time gives the accumulated time during which py(t) € U(¢). Hence, the ratio
between this duration and t;,; represents the URC availability that user k experienced
during this period of time. When user k is an MU, its location is a function of time.
Moreover, U(t) also varies over time due to the time varying impacts of Rls over UR.
Hence, (D.35) provides a general expression to calculate per-user availability, capturing
both time and space domain aspects that affect URC.

D.3 System Model

In this section, we introduce the system model for per-user availability analysis based on
the advocated definition.
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Figure D.1: (a) A PPP distributed homogeneous cellular network consisting of Voronoi cells, (b)
Mobile user motion in a two-cell network.

D.3.1 Network Scenario and User Mobility

Stochastic geometry including Voronoi diagrams and Poisson point process (PPP) has
been shown to be a powerful mathematical tool for modeling the random distribution of
base stations (BSs) [6]. In this study, to model the cellular network with a rectangular
area of interest (o X Yior), & popular stochastic geometry model is adopted where the
infrastructure nodes are Poisson distributed. It consists of M variable size cells forming a
Voronoi tessellation. Within each cell, there is a BS located at the center of the cell with
an omini-directional antenna. Moreover, a network may be deployed as a homogeneous or
heterogeneous network which consists of cells with either identical or different cell sizes.

Two user mobility patterns are considered in this study, denoted as MP1 and MP2
respectively. Mobility pattern MP1 is illustrated in Fig. D.1 where the MU travels from
the coordinate of origin (0,0) to its destination (%, Yior). The MU has multiple path
options to select, represented by the angle of departure, § where 0 < 6 < 7/2 measured
from the z-axis. If the reached boundary is not the destination, the MU will turn towards
the destination at the boundary point and then move towards it either counterclockwise
or clockwise. MP2 is the random direction model [7] which is a variant of the well-known
random way point mobility model.

D.3.2 Cell Coverage and URC Region with RIs

For per-user availability analysis, the URC region needs to be calculated when both cell
coverage and reliability impairments are considered. Let coverage-region (CR) denote the
region within which the user is covered according to certain criterion. Under an ideal
condition, the area of the CR for a single cell is 7R? where R is the radius of the cell.
Note however that being covered by a BS is a necessary condition for URC provisioning
but it is not sufficient.
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Figure D.2: (a) A DTMC with three channel states: Idle, busy, and failed; (b) Transition prob-
ability matrix of the DTMC.

D.3.3 Channel States and Channel Availability

As mentioned in Sec. D.1, resource constraints and system failures are two types of Rls
that could impair URC performance. In wireless networks, channel occupancy and link
status may represent such RlIs. In what follows, we model error-prone channels together
with channel occupancy status as examples of RI using a discrete time Markov chain
(DTMC) based approach. For in-depth analysis of channel holding times and modeling
of unreliable links, refer to [8] [9].

Consider that a single channel is used in each cell. To model channel status, we adopt
a 3-state DTMC. Three states, 1,2, and 3, as shown in Fig. D.2(a), represent the idle,
busy, and failed states of the channel respectively. The channel is considered to be idle if
it is neither occupied by another user nor in a failed state. Let p;; denote the transition
probability from state ¢ to state ;7 and the steady state probability of state x is denoted
as mp. The corresponding transition probability matrix of this DTMC is presented in
Fig. D.2(b).

The steady state probabilities of this DTMC can be obtained by solving the set of
linear equations 7P = and ) g T, = 1 where § is the state space. 7 is the stationary
distribution and P is the transition probability matrix. A channel is regarded as available
for a new MU when it is in the idle state. Otherwise, the channel is reliability impaired,
i.e., when it is either in the occupied or in the failed state. Therefore, channel availability,
A, for a new user can be expressed as, A = 7.

D.4 Per-User Availability Analysis and Cell Selec-
tion Strategies

Considering that an MU is moving across multiple cells, we analyze the achieved per-user
availability when channel impairments are regarded as an RI. In addition, we propose three
channel selection strategies when a user is located inside a cell intersection region. By fol-
lowing the approach mentioned in Subsec. D.3.3, the probabilities for the three states, i.e.,
idle, occupied, and failed, can be obtained as w13 = ps1(pa1 + po3) /(P31 + p13) (P21 + po3)+
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P12(ps1+Dp23)), T2 = Tip12/ (P21 +pas), and w5 = (m1(p13(P21 +Pa3) +P23p12)) /P31 (P21 +Pas),
respectively.

D.4.1 Per-user Availability with RlIs

Consider an arbitrarily selected MU. Its per-user availability can be obtained from (D.35).
Denote by t;, the duration that the MU is located inside the CR. Considering the RI
experienced such as channel unavailability discussed above, the per-user availability is
obtained by Ay = (t;,/tior)m1 for a single cell.

For a multi-cell scenario, the transition probabilities vary from one cell to another. To
obtain per-user availability in this case, we need to calculate the accumulated time that
an MU spends in the availability state across all cells, divided by the total duration of
the journey from source to destination, or the observation time. More specifically, it is
given by

A, — Zj:l tin(j)ﬂl(j)7 (D.36)

ttot

where 77 (j) denotes the steady state probability of being in the idle state of cell j, t;,(j)
denotes the duration the MU spends inside the CR of cell j during its movement. In an
overlapped region across two or more cells, the MU needs to be associated with a specific
cell determined by one of the strategies presented in the next subsection.

To calculate t;,(j), 7 = 1,2,---, M, the travel distance inside each cell needs to be
calculated. Consider the two-cell scenario illustrated in Fig. D.1(b). The intersection
points between the coverage circles of these two cells and MU’s path can be calculated by
substituting the center points and radius values of each cell in the places of (xg, o) and r

respectively and jointly solving z = (z¢ + yo tan 6 £ \/(r2sec? ) — (zo tand — yo)2)/sec?
and y = rtanf. Once the intersection points are known, the distances between points
A, B, C, and D can be obtained. Thereafter, the corresponding time values are obtained.
This process can be generalized to multi-cell scenarios.

The total time t;,; is calculated from t,,; = l;0¢/s, Where l;,; is the total travel distance
that can be obtained through geometric relationships [4], and s is the speed that the MU
is traveling which is assumed to be constant in this study.

D.4.2 Cell Selection Strategies

When an MU enters an area where two or more cells intersect, the MU needs to take a
network-assisted decision regarding which cell it will be associated with according to a
specific criterion. We propose below three strategies that an MU can use for cell selection
when it is covered by two or more cells, referred to as Stry, Stry, and Strs respectively.

e Stry: The cell with the highest steady state probability at the idle state will be selected.
o Stry: The cell with the lowest state holding time at the failed state will be selected.

e Strs: The cell with the lowest occupied-to-failed transition probability will be selected.

With Stry, the MU will compare the steady state probabilities of the overlapping cells
at the idle state, i.e., m1(j), j =1,2,---, M, for each cell. Then it is associated with the
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cell which has the highest 1. On the other hand, Strs is designed to give higher priority
to ongoing communications. When the MU is inside an overlapped area with an ongoing
session, it requires higher priority so that its ongoing communication can be completed
successfully. To do so, Strs selects a cell which has the lowest transition probability from
the busy to failed state, i.e., po3.

For Stry, the MU selects a cell with the aim of minimizing the time spent at the
failed state.To do so, a decision variable based on channel state holding times is needed.
Denote by 73 the number of time steps the system spent in the failed state during the
visit. The distribution of the state holding time P[ys = h|, where h is the number of time
steps, follows a geometric distribution with parameter ps3. Therefore, from geometric
distribution, it is known that P[ys = h] = (1 — ps3)phs '. Denote the expected value of
this distribution as E[ys], then

’}/3 = Z h — P33 p33 = Z <hp§31 - hpgS)

i h= (D.37)
= h+1)phy — hpl
hZ:O (( )P53 P33 Zpsza 1— pag’

From the expected values for 3 for all cells, the MU selects the cell which provides
the minimum holding time at the failed state. Furthermore, if two or more cells have
exactly the same value for 71, E|vs], or peg, no reliability based handover will take place.
Tab. D.6 summarizes the primary selection conditions of these strategies and the selected
cell at the intersection based on the network scenario shown in Fig. D.1.

D.5 Obtained Per-user Availability and Discussions

Consider a region of interest as a unit area (Zyo, Y1or) = (1,1) within which an MU is
moving according to the two mobility patterns discussed in Sec. D.3. In order to obtain
per-user availability for a multi-cell scenario as defined in (D.36), we need to calculate
the t;, duration inside each cell for all cells that the MU traverses through. It is obtained
through simulations as follows.

Table D.6: Cell selection for 3 strategies at intersection. In this table, pa3(j), 7 = 1,2,--- , M denotes
the transition probability from the occupied state to the failed state of cell j

. L. L. Selected cell at inter-
Strategy Main criterion for cell association )
section, Cell C

Stry Steady state probability of the idle state Cs = argmax m1(7)

J
Stro State holding time of the failed state Cs = argmin E[v3(j)]

J
Strs Occupied-to-failed transition probability Cs = argmin pa3(j)

J
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Observe the movement of the MU at a pre-defined discrete time interval ty.,. The
MU evaluates whether or not its position is inside the coverage area of a cell or multiple
cells. If it is inside a single cell, its associated duration to that cell ¢;, will be incremented
by teep. If it is covered by two or more cells, the MU needs to select a cell to associate
with according to one of the cell selection strategies presented above and obtain t;, in
that cell accordingly. This process will continue until the MU has reached its destination
or the observation duration has elapsed.

The simulation results shown below are the average values obtained based on multiple
typologies for a 10-cell PV network. The state transition probabilities were selected
randomly based on uniform distribution with two sets of ranges, marked as rng; and rngs
respectively, as shown in Tab. D.7. These ranges are selected to reflect various channel
conditions. For instance, a failed channel’s recovery probability in rng, exhibits a larger
value than that of rng;, leading to higher channel availability when rng, is adopted.

D.5.1 Multi-cell Scenario with MP1

Consider a heterogeneous network with cell sizes configured as » = 0.3 and r = 0.4
respectively. The MU traverses from (0,0) to (240, Yior) according to MP1, at a constant
speed of s = 0.01 distance per unit time and with a given angle of departure, 6, for
each journey. Fig. D.3 illustrates the availability results obtained based on the transition
probabilities mentioned in rngs of Tab. D.7, as the angle of departure varies. Clearly,
the obtained availability considering only the CR is always higher than that of the UR
since the presence of RlIs degrades availability. For per-user availability with Rls, Strq
generally provides higher mean availability compared with Stre and Strs. This is because
Stry directly relates channel availability with per-user availability as defined in (D.36).
When comparing Stry and Strs, the former one performs better or equally well. This is
because Stry focuses on minimizing the time spent in the failed state and the channel has
a higher probability to return to the idle state from a failed state. Despite the fact that
Stry performs best, Stry or Strs may be employed since they provide greater flexibility to
users for faster channel recovery or for protection of ongoing traffic. Furthermore, higher
availability is achieved when the angle of departure is not too close to the x- or y-axis
since there is a high probability that the MU will be covered by the CR when it travels
closer to the center of the region of interest.

Table D.7: Two configuration sets of transition probability ranges

D12 D21 D23 = P13 P31
TNg1 (0.1 ~ 0.2) (().8 ~ ().9) (0.0002 ~ 0.0005) (0.8 ~ 0.9)
TNgo (0.01 ~ 0.1) (().9 ~ 0.99) (0.0002 ~ 0.0005) (0.9 ~ 0.99)
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Figure D.3: Mean per-user availability in a 10-cell network with MP1. CR indicates the avail-
ability when only the coverage region is considered.

D.5.2 Multi-cell Scenario with MP2

In this case, the MU starts its journey from (0, 0) and traverses through the area according
to MP2 until the simulation time ends. The direction and the travel time for each phase
of the journey are randomly selected from (0.1,0.5) time units and (—, 7) radian ranges
respectively. The travel speeds are configured from two ranges, i.e., spign € (0.1 ~ 0.15)
and s;,, € (0.05 ~ 0.1) per unit time.

Fig. D4 illustrates the average availability values obtained from multiple randomly
selected trajectories according to the aforementioned configurations. The x-axis in this
figure represents the speed and transition probability range combinations. From the
results, it can be observed that the transition probabilities related to rng, provide higher
availability compared with rng;. Having lower p;s values with higher ps; and p3; values
results in higher channel access opportunities for new users. Moreover, a lower speed
gives higher availability. This is because MU traveling at a higher speed will traverse
across the CR more quickly and stay at the boundaries of a region for a longer period of
time. As the network coverage is comparatively poor near the boundaries, the obtained
availability becomes lower. Finally, the impact of cell selection strategies is similar to
what is observed in the MP1 case.

D.5.3 Further Discussions on Availability in URC/URLLC
D.5.3.1 Availability with RIs

Overall the obtained availability levels presented in this study are generally lower than
what is regarded as the URC level in the literature [2] [3]. This is because most prior
work on URC/URLLC is performed based on an implicit assumption that MUs are always
covered. In this study, we consider that an MU may be located outside the CR boundary
for our per-user availability definition. Therefore, the proposed definition (D.35) provides
a more generic and accurate metric for evaluating anytime and anywhere communication
quantitatively, since no assumption on the availability of coverage is made herein.
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Figure D.4: Mean availability for an MU in a 10-cell network with MP2.

D.5.3.2 Shortest path versus highest availability path

Another interesting scenario to apply the proposed metric is to consider the highest avail-
ability route for user mobility. Instead of taking the shortest path towards a destination,
an MU could select the path which gives the highest availability in order to satisfy its
service requirements for ultra-reliable communication.

D.6 Conclusions and Future Work

This letter presents a time-space domain per-user availability analysis in 5G networks
when reliability impairments are taken into consideration. We demonstrate that higher
availability could be achieved by designing a proper strategy to compensate the negative
effect of RIs on availability. For future work, we plan to enrich our analysis by including
different RlIs based on real-life measurements.
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