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Abstract

5G networks are expected to be used in many markets, one of which is the Factories of the
Future (FoF). In the FoF, applications like regular monitoring and controlling of components
(e.g. temperature) are introducing the need of massive deployment of sensors and actuators.
Additionally, sensors which are monitoring time-critical components of the factory (e.g.
pressure in power plants) should experience low delays with a high reliability. The current
LTE-based technology for machine-type communications, namely Cat-M1, imposes
limitations in supporting massive connectivity and application with low delay and high
reliability requirements, primarily due to the so-called ‘Random Access’ (RA) procedure which
is used by the devices to establish a connection with the base station, before the actual
transmission of their data.

The key objectives of this study are to assess the RA procedure currently used in Cat-M1
networks as a baseline, and furthermore design and evaluate a new RA procedure for 5G
networks, which targets typical FoF applications and their requirements. For the evaluation
of the RA procedures studied, a system-level simulator was developed incorporating realistic
characteristics of the factory and suitable propagation and traffic models. Additionally, for
the best performing RA procedure, among those studied, a sensitivity analysis on the network
load was carried out in order to determine the robustness of the procedure.

Based on the simulation assessment of the procedures studied, it was found that the so-called
‘Two-Step RA procedure’ is performing the best regarding end-to-end delay. In essence, this
procedure allows devices to transmit their data right after they initiate the RA procedure and
thus establishing a connection with the base station is not required. Specifically, it was found
that e.g. in a FoF network with 3000 devices an end-to-end delay of 16 ms can be achieved
with 99.99% reliability. Even though there is a gain of 64 ms compared to the end-to-end
delay in Cat-M1 networks, the FoF requirement cannot be met as it indicates an end-to-end
delay of 10 ms with 99.99% reliability. Moreover, we derive the most suitable configuration
of the proposed RA procedure for different network loads yielding the best possible end-to-
end delay performance.
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Chapter 1 Introduction

In this chapter, the required background is given as well as the objectives and contributions of
this study. First, in Sections 1.1 and 1.2, an introduction to the Factories of the Future (FoF) and
their requirements is provided respectively, as this study targets applications in FoF. Section
1.3, introduces 5G networks and correlates them with the applications in FoF. In Section 1.4,
the Random Access (RA) procedure is presented as well as its importance and need in a
network. Section 1.5 discusses the challenges in achieving the requirements of application in
FoF due to the RA procedure that is currently in use. Section 1.6 presents the objectives of
this study and then Section 1.7 gives an overview of studies found in literature regarding
improvements of the RA procedure such that the challenging new requirements can be met.
Finally, in Section 1.8 the contribution of this study is presented while Section 1.9 shows the
approach followed to achieve the objectives of this study, as well as an outline of this study.

1.1 Factories of the Future (FoF)

In the FoF (or Industry 4.0 [1]), the factories will adapt a new ecosystem which integrates
technologies such as autonomous robots, Internet of Things (IoT) and more, as presented in
Figure 1-1. This new ecosystem aims for a clean, highly performing, environment friendly and
socially sustainable factory [2]. For example, with the use of big data and loT, the factory
emissions can be monitored, through sensors, and a trend can be derived. Based on this trend,
actions can be performed in order to reduce these emissions without degrading the quality
and efficiency of the production. Another example which highlights the improvement of the
factory’s performance are the use of autonomous robots as they could be used to perform
complex tasks that human workers cannot. More examples can be found in [3].
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Figure 1-1 - Applications in FoF/Industry 4.0 [4].

These types of applications are introducing the need of deploying a massive number of
sensors which will be responsible for measuring different components in the factory and



actuators which will take actions whenever is needed. This kind of devices can be categorized
in three groups:

Group 1: Devices that transmit critical data very frequently. This type of devices is used
in applications such as real-time machine control and therefore a continuous, reliable
and fast communication is required.

Group 2: Devices that transmit critical data incidentally, e.g. after an unexpected event.
For example, sensors which are monitoring time-critical components of the factory
(e.g. temperature or pressure in power plants) are detecting an abnormality and have
to trigger an alarm or an action. Such unexpected events can trigger either a group of
devices to report the event simultaneously or just a single one.

Group 3: Devices that transmit non-critical data, typically not very frequently. These
devices could be sensors which are monitoring regularly some non-critical
components of the factory (e.g. room temperature in warehouses) and are deployed
in large numbers.

For the transmission of critical data, it is important that the transmission will be fast and
therefore for some applications Device-to-Device (D2D) communications can be used. D2D
communication aims short range applications and can offer ultra-low delays, as the data are
transmitted directly from the source to the target device, which makes it appropriate for
localised real-time applications such as real-time machine control. As our study does not
specifically aim at short range applications, we focus on communication between the device
and the base station, hence not considering the potential of D2D communications in specific
scenarios.

1.2 Requirements

The applications described in FoF are introducing new requirements and the need of
distinction between devices, which is carried out based on the type of communication that is
needed between the device and the base station. Devices that require transmission of critical
data are distinguished as Ultra-Reliable Low Latency Communication (URLLC) (i.e. Group 1
and 2; see above) and devices that are massively deployed (and consequently do not handle
critical data) are distinguished as non-URLLC (i.e. Group 3). The exact requirements of URLLC
and non-URLLC devices in FoF are presented in Table 1-1, based on their definition by the 3rd
Generation Partnership Project (3GPP) in [5]. These requirements concern the end-to-end
delay, reliability and device density, where the end-to-end delay is defined as the time from
the generation of data at the device until their correct reception at the base station.

Table 1-1 - Requirements for applications in FoF based on Table 5.3.8.1-1 in [5].

Device End-to-End Delay Reliability Device Density
non-URLLC 50ms—-1s >99.9% 0.05-1/m?
URLLC 5-10ms > 99.9999% 0.05-1/m?



In this study these 3GPP requirements are adopted as follows. For the end-to-end delay it is
obvious that the requirements will be completely different between URLLC and non-URLLC
devices as the latter is transmitting only delay-tolerant data. It is defined in [5] that the non-
URLLC data can handle from 50 ms to 1 s delay. In this study the delay requirement is set to
50 ms in order to take the most challenging target from the requirements range. On the other
hand, the delay requirement for the URLLC traffic in this study is set to a maximum of 10 ms
as the data are time-critical. For the URLLC traffic, it is noted that the end-to-end delay
requirement is used as a reference to the maximum allowable end-to-end delay and the goal
of this study is to reduce this end-to-end delay as much as possible.

Reliability is another important requirement for applications in FoF as it defines the
percentage of data transmissions that should meet the delay requirements of e.g. 50 ms or
10 ms for non-URLLC or URLLC, respectively. For non-URLLC devices the reliability percentage
requirement in this study is set to 99.9% while for URLLC devices the reliability percentage
target is set to 99.99%. Note that it was decided to loosen up the very high reliability
percentage of 99.9999% for URLLC devices due to practical evaluation limitations. For the
evaluation, simulations are used and a reliability of 99.9999% would require simulations with
an extremely high number of samples for the data transmissions and consequently
excessively long simulation times.

The device density is also expected to be higher in 5G networks due to the massive
deployment of sensors and actuators. From [5], it is defined that there will be 0.05 - 1 device
per m? (assuming that all devices are deployed on the same floor) for both non-URLLC and
URLLC devices. However, a small adjustment to this value was adopted in this study. The
requirements for the URLLC devices from [5] were derived for all the URLLC devices that are
deployed in the network (devices that handle frequent or incidental critical data as defined in
Group 1 and Group 2 in Section 1.1). However, this study is focused only on URLLC devices
that transmit data incidentally (see Section 1.4) and thus it was decided that the overall device
density (URLLC and non-URLLC devices) should be at least one device per m? and that 5% of
the total devices will be considered URLLC devices (as not many devices are expected to
handle incidental critical data). It is noted that a short load analysis is included in Section 5.9,
in order to derive conclusions for scenarios with lower and higher device densities while
keeping the 95% and 5% of the total traffic to non-URLLC and URLLC traffic respectively.

The summary of the requirements considered in this study are presented in Table 1-2.

Table 1-2 - Final requirements used for this study.

Device Number of Devices End-to-End Delay Reliability Device Density
non-URLLC 95% of total devices <50 ms >99.9% > 1/m?
URLLC 5% of total devices <10 ms >99.99%

The wireless technology to be chosen in the network should address the above-mentioned
requirements regarding end-to-end delay and reliability for the given device density. From all
the available wireless technologies targeting these types of applications (e.g. LoORaWAN), the
cellular (e.g. LTE) were the chosen ones to be studied, for the reasons given below (see also
Section 2.1).



1.3 On the way towards 5G

The Long-Term Evolution (LTE) network is considered to be one of the most successful mobile
communication network technologies because of its high data rates. Since its first deployment
in 2009 by TeliaSonera, LTE underwent many enhancements such as the use of MIMO
antennas and carrier aggregation which improved the overall performance of the network.
Currently, bit rates of up to 300 Mbps can be observed with LTE, which highlights the success
of increasing the throughput of data compared to previous cellular wireless communication
networks [6].

In the coming years and by 2022, an annual increase of 45% in the total mobile data traffic is
expected, 75% of the total mobile data traffic will concern video applications. Moreover, the
further development of Internet of Things (loT) networks is expected to have a great impact
in mobile networks as by 2022, 18 out of 29 billion connected devices will concern loT traffic
[7]. A graph presenting the growth of |oT devices and other types of devices is shown in Figure
1-2. This rapidly growing loT traffic is correlated with new types of applications which
consequently introduce new requirements to the network such as energy efficiency,
coverage, massive connectivity, low delay, high throughput and high reliability. These new
requirements will therefore introduce the need of enhancing the current networks and create
new technologies.

Currently, the LTE-based technologies that focus on loT applications are Cat-M1 and
NarrowBand loT (NB-loT). These technologies provide enhancements to the LTE standard in
order to guarantee deeper coverage and a higher degree of connectivity compared to LTE, at
the cost of lower throughputs and higher end-to-end delays. This study focuses on Cat-M1 as
it is considered most suitable as a baseline technology to further enhance towards support of
the requirements given in Table 1-2 for FoF applications (see also Section 2.1). It is very
challenging to achieve low end-to-end delays with Cat-M1 (see Section 1.4), hence new
technologies should indeed be designed in order to address the requirements of FoF, which
will finally contribute to the standardization and implementation of 5G networks.
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Figure 1-2 - Detailed information in the growth of connected devices between the years 2014 to 2022 as presented in [7].

For the definition of 5G, three main service categories were introduced; enhanced Mobile
Broadband (eMBB), Ultra Reliable and Low-Latency Communications (URLLC) and massive
Machine Type Communications (mMTC). These three categories along with a few example
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applications are shown in Figure 1-3. The eMBB service category covers applications requiring
high data rates (peak bit rates up to 20 Gbps) which are a requirement for applications such
as ultra-high definition video and Virtual Reality (VR). For applications such as remote surgery
and smart energy grids, that require the transmission of critical or emergency messages, the
URLLC category applies as all these messages are time-critical and should reach their
destination with an extreme degree of reliability. Finally, the mMTC category is defined mainly
for loT applications such as smart cities and smart sensors as they require the connectivity of
billions of devices [8].
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Figure 1-3 - 5G main categories with applications as shown in Figure 1 in [8].

In Section 1.1 it was defied that three groups of devices (Group 1, 2 and 3) are expected to be
deployed in FoF. From these three groups, Group 1 and Group 2 can be categorized under the
URLLC category presented in Figure 1-3 as they are handling time-critical data and thus
require fast and reliable transmissions. Group 3 can be defined as a non-URLLC category (or
an mMTC category based on Figure 1-3) as the data to be transmitted are more delay tolerant
than in the URLLC category and the main challenge is to handle the large number of devices.

1.4 Connecting to the base station

As already mentioned, one of the requirements defined for FoF is related to the end-to-end
delay, which is the time from the generation of data at the device until its correct reception
at the base station. For the correct definition and evaluation of the end-to-end delay, it is
important to understand the two so-called Radio Resource Control (RRC) modes, i.e. the ‘RRC
IDLE’ mode and ‘RRC CONNECTED’ mode. More specifically, the RRC modes determine the
state of the device which defines the amount of resources that is available to the device and
its energy consumption.



In general, a device can switch between the two RRC modes based on its need to
transmit/receive data. Specifically, when a device is inactive in the network (e.g. there is no
transmission of data between the device and the base station), it is in RRC IDLE mode. Devices
in RRC IDLE mode need to switch to RRC CONNECTED mode in order to transmit/receive data
and consequently establish a connection with the base station as illustrated in

Figure 1-4. Additionally, devices that complete their transmission/reception of data, release
their connection and switch to RRC IDLE mode after a pre-determined inactive time (e.g. 10
seconds), as also illustrated in

Figure 1-4. Therefore, for the end-to-end delay calculations, the time of connection
establishment is needed (i.e. time needed for a device to switch from RRC IDLE mode to RRC
CONNECTED mode) as well as the actual time of the data transmission, once the device is in
RRC CONNECTED mode (see also Section 2.3).

Connection Establishment

RRC

i e CONNECTED

mode
mode

Connection Release

Figure 1-4 - Diagram of RRC modes.

In order to establish a connection with the base station, the device makes use of the so-called
Random Access (RA) procedure, which is the procedure used to switch from RRC IDLE mode
to RRC CONNECTED mode. To initiate the RA procedure, the device randomly selects one out
of the 64 so-called preambles that are available, and transmits this preamble to the base
station. All the preamble transmissions are carried out on a specific channel on the uplink,
namely the Physical Random Access CHannel (PRACH), and multiple devices can make use of
this channel simultaneously (see Section 2.2.1.2). In case the different simultaneous random
access attempts of multiple devices use the same preamble, their transmissions may collide
and hence not be properly heard by the base station. A reattempt would then be needed.
After a successful reception of the preamble at the base station, an exchange of messages
between the base station and the device is happening which finally leads to an established
connection between the two.

Besides the potential collisions described, the RA procedure introduces multiple bottlenecks
to the network, as described in Section 1.5, and a new RA procedure needs to be designed to
support the stringent requirements of 5G applications. The key objective of this study is to
assess the RA procedure currently used in Cat-M1! and design and evaluate a new RA
procedure which addresses the requirements of applications in FoF.

1 A detailed explanation of this particular RA procedure is given in Section 2.4.



As discussed in Section 1.1, there are three groups of devices that are expected to be
deployed in the FoF. From these three groups, it is clear that devices in Group 1 are best
served regarding end-to-end delay when they are configured in RRC CONNECTED mode all
the time, as they continuously transmit data, and therefore they will not make use of the RA
procedure. Devices in Group 2 and Group 3 are expected to spend most of the time in RRC
IDLE mode, as their data transmissions are infrequent, and thus for every one of their
transmissions they will have to go through the RA procedure. In line with our objective, for
this study we will therefore focus on devices in Group 2 (‘URLLC’ devices) and Group 3 (‘non-
URLLC’ devices). Details about the exact traffic generated by these devices in the conducted
study, can be found in Section 4.2.

1.5 Challenges

The current LTE and LTE-A communication standards that are already available were designed
in such a way that they efficiently serve Human-to-Human (H2H) or Machine-to-Human
(M2H) communication such as transmission of voice or video. On the other hand, the most
applications in the FoF require the support of Machine Type Communications (MTC). As
mentioned, Cat-M1 is designed to support MTC but its performance cannot guarantee the
performance requirements of the most demanding foreseen FoF applications. As the RA
procedure has a key role in meeting the requirements for the FoF applications, enhancements
to the currently used RA procedure need to be studied, as well as the development of new
RA procedures.

One of the requirements for the FoF applications is that end-to-end delay for URLLC devices
has to be at most 10 ms. However, the current LTE standard introduces a minimum of 24 ms
delay only for the RA procedure [9] and therefore it is clear that the delay needs to be
decreased by more than 50%, which is highly challenging. Another parameter that should be
taken into account while re-designing the RA procedure is that the end-to-end delay for non-
URLLC devices should still stay below 50 ms and thus procedures that favor URLLC devices but
severely degrade the end-to-end delay for non-URLLC, should not be considered.

Guaranteeing that 99.9% and 99.99% of non-URLLC and URLLC devices, respectively, need to
meet the end-to-end delay requirement is also challenging. The underperformance of just a
few devices, e.g. due to poor propagation circumstances, may cause a violation of the
reliability requirement of the network due to the highly stringent percentiles that apply.
Additionally, the high reliability percentages are also adding a challenge to the evaluation of
the RA procedure performance, as excessive computational resources will be needed. As the
URLLC devices are just 5% of the overall devices, there is a need for few millions of samples
for the data transmissions in order to have statistically reliable results for the high reliability
values of 99.99%. Measuring with sufficient statistical accuracy such high reliability
percentiles can be therefore limited by simulation time and/or computational restrictions.

In FoF and 5G networks, it is also expected that more devices will be deployed to the network
than in the current LTE/LTE-A/Cat-M1 networks. This implies that a massive number of
devices will have to transmit data and consequently will have to make use of the RA procedure
in order to establish a connection with the base station. As mentioned before, with a high
number of simultaneous RA attempts, preamble collisions may occur and all devices that
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transmitted that particular preamble fail to establish a connection. Those devices will re-
initiate the RA procedure after a random back-off time (see also Section 2.4) with a new
randomly chosen preamble and so on. Therefore, the deployment of a massive number of
devices is expected to introduce a higher preamble collision probability to the network which
can lead to the overload of the PRACH as devices will keep transmitting preambles without
being able to establish a connection with the base station. Consequently, the new RA
procedure should be designed is such a way that overloads of the PRACH will be avoided.

An additional problem that arises with the high preamble collision probability is the high
access delays, where the access delay is defined as the time needed for a device to establish
a connection with the base station (time needed to switch from RRC IDLE mode to RRC
CONNECTED mode). The overload created on the PRACH forces the devices to transmit
preambles multiple times (multiple attempts to establish a connection) until they manage to
successfully transmit their preamble. This behaviour introduces extra delays in the network
or even outages as devices are configured by the base station with a maximum number of
connection attempts. Once a device reaches this maximum number of connection attempts
without successfully establishing a connection, the device is considered to be in outage and
it no longer tries to establish a connection. Therefore the challenging trade-off between
massive deployment of devices and the access delay, and consequently the end-to-end delay,
is highlighted.

1.6 Objectives

Based on the requirements derived for the applications in FoF and 5G networks and the
challenges that arise, the objectives of the presented study are the following:

1. Assessment of the RA procedure in the current Cat-M1 networks as well as assessment
of the latest RA procedure enhancements, targeting 5G applications, provided by
3GPP in Release 15.

2. Design of a new RA procedure for 5G networks which fulfils the requirements of the
FoF applications regarding end-to-end delay and reliability and derive under which
conditions (e.g. device density) these requirements can be met.

1.7 Related work

Improvements of the RA procedure have been applied in the recent LTE and LTE-A
specifications by 3GPP. For example, the Access Class Barring (ACB) scheme can be applied to
help with capacity bottlenecks during RA procedure. More specifically, multiple access classes
can be defined in the network with a different access probability. Each time a device needs to
initiate the RA procedure, it draws a random number and it actually initiates the RA procedure
only if that number is lower than the access probability defined for the access class that it
belongs to. Otherwise, the device has to back-off for a random time, based on a barrier timer
defined for that particular access class. Therefore, ACB can prevent the PRACH overload but
introduces higher access delays, especially to access classes with a low access probability and
it is typically used to distinguish Machine-to-Machine (M2M) and Human-to-Human (H2H)



traffic. In [10] and [11], more procedures that aim to differentiate M2M and H2H traffic are
presented.

In [11], the problem of massive access is addressed by using the Distributed Queuing Random
Access Protocol (DQRAP). This new protocol aims to guarantee access to the network to a
large number of devices for M2M traffic while not degrading the access performance of H2H
traffic. The main idea behind DQRAP is the use of mini-slots to reserve resources on the
PRACH when the M2M traffic is high, while the H2H traffic uses the conventional LTE RA
procedure. Additionally, DQRAP uses the conventional LTE RA procedure for both M2M and
H2H traffic when the M2M traffic is low and only switches to a reservation protocol when the
M2M traffic becomes high. From the results provided, it is observed that there is a gain in the
number of devices that can access the network but comes at the cost of higher access delays.
The authors in [12] introduce the clustering technique, in order to also address the problem
of massive access, where devices are clustered based on their location and mobility
information. With this procedure, devices of the same cluster communicate with a Cluster
Head (CH) which is responsible to aggregate the data of the cluster and then forward the
aggregated data to the base station. It is concluded that the RA procedure can be improved
with this method even though access delay values were not presented. Delay analysis, in
scenarios of clustering, have been studied in [13] where it is proven that for high traffic loads,
the RA process contributes more than the aggregation process (at the CH) to the total access
delay. Therefore, the clustering technique is promising for scenarios with high traffic loads
but enhancements to the RA procedure are recommended as it contributes the most to the
access delay and thus to the end-to-end delay.

Work which focuses on the reduction of the RA delay can also be found in literature. In [14],
a method based on dynamic resource allocation is presented, where the base station uses a
self-optimizing algorithm which adjusts the resources needed during the RA procedure based
on the network’s load. However, the authors did not include any kind of results to quantify
the benefits of the method in a realistic scenario. Another method for delay reduction is the
Distributed Queuing (DQ) scheme in combination with the so-called ‘m-ary tree splitting’
algorithm which is discussed in [15]. The main principle of this scheme is the organization of
devices in virtual queues and each device continuously keeps the status of its position in the
gueue in order to know when it will get an access grant for transmission. Additionally, for the
transmission of the preamble and thus for the initiation of the RA procedure, three mini-slots
are being used on the PRACH which implies that only three devices can simultaneously
transmit their preamble. Furthermore, the implementation of this scheme is limiting the
number of available preambles from 64 (in LTE) to just six and thus the results should also be
compared to networks where fewer preambles are available (e.g. networks with large cell
radius). In general, the number of available preambles is correlated with the radius of the cell
(a larger cell radius implies fewer available preambles) due to the way that the preambles are
generated. The results of this method illustrate a significant decrease of the access delay
compared to LTE with ACB but only for networks with cell radius larger than 5 km. For a small
number of devices that need to transmit critical short messages in the context of industry
applications, drastic delay reductions have been presented in [16]. The presented approach
is based on the existing RA procedure with the difference that the data are transmitted during
with the RA procedure which leads to delays of only 15 to 20 ms.



The improvement described in [17], namely Early Data Transmission (EDT), is one of the latest
improvements adapted by 3GPP in Release 15 and it aims in reducing the end-to-end delay
for devices that need to transmit small and critical messages. The main idea of this method is
to transmit the data during the RA procedure as was also studied in [16]. In the same line of
thought as EDT, more drastic techniques have also been studied and they aim in reducing the
delay even further. The most popular is the two-step RA procedure which uses only half of
the messages than the conventional RA procedure. This idea can be found in [18] and it was
presented in one of the 3GPP discussion meetings. However, no exact implementation
methodology is defined and no results are provided. This procedure has also been discussed
in [19] where the authors present the challenges of implementation. Finally, in [20], the
additional improvement of resource reservation is presented which is implied that can be
implemented in combination with the two-step RA procedure in order to meet the 10 ms
delay requirements that are introduced in 5G.

The conventional RA procedure and all the procedures that have been presented so far are
assumed to use Orthogonal Frequency-Division Multiple Access (OFDMA). OFDMA suggests
that all devices are allocated to orthogonal resources in the frequency domain such that their
transmissions will not be causing interference to other simultaneous transmissions. In
general, OFDMA is one out of the four Orthogonal Multiple Access (OMA) schemes that are
generally used, as the orthogonality of resources can also be defined in the time (i.e. Time
Division Multiple Access (TDMA)), code (i.e. Code Domain Multiple Access (CDMA)) and space
(i.e. Multi-User Multiple Input Multiple Output (MU-MIMO)) domain. However, OMA limits
the capabilities of the channel regarding spectral efficiency? as only one device can utilize the
specific resources in the shared orthogonal domain, as illustrated in Figure 1-5. For example,
devices in OFDMA share the time domain but use different resources in the frequency
domain. Also, in CDMA and MU-MIMO, devices share the same resources in the time and
frequency domain but different resources in the code and spatial domain respectively.
Therefore, a new technique has been introduced in literature, namely the Non-Orthogonal
Multiple Access (NOMA) [21] which allows multiple devices to transmit simultaneously on the
same resources, without sharing an orthogonal domain. For example Figure 1-5 shows the
power-domain NOMA which allows devices to share resources in the time and frequency
domain (in contrast to OFDMA and TDMA) but they are multiplexed in the power domain (i.e.
each device uses a different transmission power). Moreover, the power-domain NOMA is not
comparable to CDMA as with NOMA it is implied that all devices use the same spreading code
and thus the code domain is not orthogonal. Similarly, power-domain NOMA does not imply
orthogonality in the spatial domain and thus it is also not comparable to MU-MIMO.
Additionally, the authors in [21], state that NOMA is promising to achieve among other
spectral efficiency, massive connectivity and reduce the transmission delay and signaling
overhead at the cost of a more complex receiver, thus making NOMA appropriate for 5G
applications.

2 Spectral efficiency is defined as the amount of information than can be transmitted over a frequency band.
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Figure 1-5 - Assignment of resources in OMA (left) and NOMA (right), where each color represents a different device [22].

A comparison between Orthogonal Multiple Access (OMA) and NOMA is presented in [23]
and it is clear that NOMA can handle more devices and provides better throughputs. It is also
stated that there is no need for a RA stage as signaling and data can be transmitted together,
and thus lower delays can be achieved. Additionally, the authors in [24] provide further
results, while using the so-called NOMA scheme contention-based Sparse Code Multiple
Access (SCMA), which illustrate a higher reliability while supporting 2.8 times more devices in
the system over the contention-based OFDMA. It is also worth mentioning that NOMA and
uplink SCMA are applied in the European project METIS [25] for the definition of the 5G air
interface with positive results. Last but not least, the authors in [26] designed a mechanism
which combines the non-orthogonal transmissions with the conventional RA procedure such
that it can co-exist with the current LTE system. Their technique makes use of power domain
multiplexing and achieves a reduced access delay while supporting 30% more traffic than the
current RA procedure.

Overall, procedures which allow the transmission of data during the RA procedure seem to
be promising as the end-to-end delay can be improved significantly. EDT is one of these
procedures as has been presented in [16] and [17], and has also been adapted by 3GPP
Release 15. Furthermore, the two-step RA procedure is expected to reduce the end-to-end
delay even further, as discussed in [18], but many open issues arise which are not addressed
in literature so far. The most challenging part in implementing the two-step RA procedure is
the allocation of resources to the devices as there is no prior communication about this with
the base station and thus high interferences are expected (see also Section 3.2). Additionally,
NOMA procedures are considered to be promising as they can support a high number of
devices while achieving low end-to-end delays, as discussed in [23], [24] and [26]. However,
NOMA procedures imply that there is no need of having a RA procedure, according to [23],
and thus makes it incompatible with the current 3GPP standardized networks. Furthermore,
there are many open issues in implementing the NOMA procedures in real networks, as
discussed in detail in [26]. Two of these issues are the allocation of resources as there is no
prior communication with the base station (as in the two-step RA procedure) and the
appropriate power control that is critical for the effective use of such a non-orthogonal
procedure. Finally, in [26], challenges in the performance evaluation through link and system
level simulations of non-orthogonal transmissions are presented.

1.8 Contribution

This study investigates and quantifies the performance of enhanced RA procedures for 5G
networks, via simulations, in order to meet the challenging 5G requirements regarding end-
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to-end delays up to 10 ms that are achieved with high-reliability (i.e. 99.99% of the URLLC
data transmissions are with end-to-end delay lower or equal than 10 ms). Specifically, the EDT
procedure presented in literature is evaluated along with a proposed enhanced version of
EDT. Additionally, the two-step RA procedure has been used in this study, where a possible
implementation is proposed and evaluated such that it can be applied for the FoF in the
context of 5G. It is important to note that NOMA-based solutions were not studied for the
reasons already discussed in Section 1.7, and as also considered and discussed in [26].

1.9 Approach and thesis outline

The high-level approach used in this study in pursuit of the objectives stated in Section 1.6, is
presented below:

1. Derive the requirements for 5G in FoF.

2. Perform a literature review in order to obtain insight on the RA procedure and its
shortcomings, challenges and possible solutions.

3. Study the latest technologies used for MTC and choose the most suitable one (Cat-
M1) to be used as the reference technology.

4. Obtain deep understanding on the RA procedure used in LTE and Cat-M1 (reference
technology), especially in the PHYsical (PHY) and Medium Access Control (MAC) layers.

5. Define details about the reference scenario concerning the network layout, traffic
model and propagation environment.

6. Develop a system-level simulator that enables assessment of the RA procedure used
in the chosen reference scenario and analyze the results.

7. Study the latest 3GPP enhancements regarding the RA procedure as well as new RA
procedures proposed in literature for 5G networks.

8. Develop and integrate to the simulator new RA procedures that could possibly be used
in 5G networks, either from literature or new ones.

9. Assessment of the new RA procedures based on the simulation results.

10. Repeat steps 8 and 9 in an iterative manner, every time with further enhancements
on the RA procedure, until the set requirements are met.

11. Derive conclusions, recommendations, limitations and suggest further work based on
the obtained results.

The requirements of 5G in FoF and the literature review have already been presented in
Sections 1.2 and 1.7 respectively. 0 discusses the different MTC technologies, Cat-M1 and
describes in detail the RA procedure in Cat-M1. Chapter 3, describes in detail the latest 3GPP
enhancements regarding the RA procedure for 5G applications, as well as the new RA
procedures that have been studied for application in 5G. The modelling aspects regarding the
reference scenario including the propagation environment, traffic model and further
simulation modelling are presented in Chapter 4. In Chapter 5, the results of all the RA
procedures are presented along with comparisons to the reference scenario and to each
other. Finally, Chapter 6, highlights the main conclusions, recommendations and limitations
that are obtained throught this study, along with recommendations for future work.
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Chapter 2 Overview of Cat-M1 (eMTC)

In this chapter, an extensive overview of Cat-M1 is presented as it is used as the reference
technology upon which further technological enhancements are developed. After a brief high-
level introduction in Section 2.1, the physical uplink and downlink channels are presented in
Section 2.2. The RRC modes are discussed in Section 2.3. Finally, the Random Access (RA)
procedure is described in detail in Section 2.4.

2.1 Introduction

The Internet of Things (loT) communication systems have different requirements than the
conventional human-oriented communication systems, as shown in Figure 2-1. The loT
devices should have reduced complexity, which will contribute to lower cost and longer
battery life. Additionally, the requirements of 10T applications can vary significantly but some
of those applications may require support for deeper coverage and also higher numbers of
devices compared to legacy human-oriented communication systems.

/ I 1N ]I]

Reduced complexity = Multi-year battery life Deeper coverage Higher node density

Figure 2-1 - Requirements of loT networks [27].

The loT communication systems that provide wide area coverage and support battery-
operated loT devices are also referred to as Low-Power Wide Area Networks (LPWAN).
Several LPWAN communication technologies exist and operate in unlicensed spectrum,
including LoRaWAN, SigFox, Symphony Link, Ingenu RPMA and Weightless. An extensive
summary for each of these communication technologies is presented in [28], including an
analysis of their respective advantages and disadvantages. Regardless of the availability of the
above-mentioned LPWAN technologies, in this study we will consider only cellular 3GPP-
based standards, for several reasons:

e Using globally standardized loT communication technology in licensed spectrum
implies a controlled interference environment and easier interworking between
devices and systems that are essential requirements for mission- and business-critical
applications.

e Cellular networks already support redundancy, end-to-end security and scalability
that are important prerequisites for many loT applications.

e [tis expected that Mobile Network Operators (MNOs) worldwide will utilize the 3GPP-
based loT standards because this loT overlay in their existing cellular networks could
lead to possible cost savings as a new network will not have to be built from scratch.

e Cellular 3GPP-based standards will co-exist with other LPWAN standards that are
currently in use and operate in unlicensed bands.
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From the 3GPP-standardized User Equipment (UE) categories for LTE technology, UE Category
1 (Cat-1) was the first one to be included in the LTE specifications (3GPP Release 8) as the
category used for machine-type communications (MTC) and cellular loT traffic. However, in
3GPP Release 12, UE Category 0 (Cat-0) was standardized for loT traffic. This new UE category
supports lower bit rates than Cat-1 but still high enough to satisfy the requirements of the
intended loT applications. This bit rate reduction enabled the UE complexity to also be
reduced by 50% and thus decrease the loT terminal cost.

With 3GPP Release 13, a new UE category was standardized, namely Cat-M1 or eMTC. This
new UE category has the capability of keeping the same peak bit rate (1 Mbps in both UL and
DL) as Cat-0 while reducing the used bandwidth from 20 MHz to 1.4 MHz, and reduce the
modem complexity by another 50% [29]. Moreover, Cat-M1 introduces a coverage gain of 15
dB (for 20 dB UE transmit power) compared to Cat-1, supporting a coupling loss up to 155.7
dB [27], and can be operated within any regular LTE band. 3GPP Release 13 further introduced
the narrowband loT (NB-loT) technology and associated UEs, which reduces the modem
complexity and bandwidth even further, and increases coverage by another 25 dB of
acceptable coupling loss, compared to Cat-1 at a cost of lower bit rates.

Table 2-1, shows the different 3GPP-standardized UE categories that are meant for loT traffic.
For this study, our focus is on 3GPP Release 13 as it uses reduced bandwidth and UE
complexity, and increased coverage compared to previous 3GPP releases. From the two new
categories introduced in 3GPP Release 13, the one that will be used as a reference scenario is
Cat-M1 as due to its larger bandwidth and higher bit rates it can provide lower end-to-end
delays; a performance aspect which is very critical for Factories of the Future (FoF)
applications. It is noted that for the rest of this study, a UE will be referred as a device.

Table 2-1 - Characteristics of each UE category [27] [30].

3GPP V)3 Maximum Maximum #Rx Maximum Duplex Bandwidth Complexity
Release Category DL bitrate UL bitrate  Antennas  Tx Power Mode (vst. Cat-1)
Cat-M1/ 20 or 23 half/full 0
eMTC 1 Mbps 1 Mbps 1 dBm duplex 1.4 MHz 25%
13 20 0r 23 half
NB-loT 0.17 Mbps | 0.25 Mbps 1 0.2 MHz <19%
dBm duplex
half
12 Cat-0 1 Mbps 1 Mbps 1 23 dBm @ 20 MHz 50%
duplex
8 LTE Cat-1 10 Mbps 5 Mbps 2 23 dBm full 20 MHz 100%
duplex

Cat-M1 (eMTC) provides enhancements to previous 3GPP releases and its design supports
higher node density, deeper coverage, reduced complexity and energy efficiency in the cost
of higher delay compared to LTE [27]. Cat-M1 is deployed in-band with LTE traffic as it
operates in multiple narrowbands of 1.4 MHz within the frequency range of LTE spectrum as
illustrated in Figure 2-2 (this feature is also applicable in NB-loT).

eMTC NB-loT

Regular
LTE Data

Figure 2-2 - In-band deployment for Cat-M1 (eMTC) and NB-IoT [60].
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An additional feature introduced in Cat-M1 (and NB-loT) is the different Coverage
Enhancement (CE) modes, namely CE mode A and CE mode B. UEs are required to support CE
mode A, while support for CE mode B is optional as the latter is used only in very poor
coverage areas. The CE modes can be further divided to CE levels 0 and 1 for CE Mode A and
CE levels 2 and 3 for CE Mode B, as shown in Figure 2-3. The main configuration parameter
differs for the different CE levels is the number of repetitions that are applied every time a
transmission is happening in either the UpLink (UL) or DownLink (DL) channel. For example,
this mechanism in the UL channel, allows UEs in poor coverage areas to transmit their data
multiple times, such that a higher aggregated Signal to Interference and Noise Ratio (SINR) is
achieved at the base station (evolved NodeB (eNB) in LTE and next generation NodeB (gNB)
in 5G) receiver and thereby enhances the likelihood of a successful transmission. A similar
approach applies in the DL channel. Typically, the base station signals to the device the
Reference Signal Received Power (RSRP) thresholds that are used by the device to decide in
which CE mode/level it should operate. The device decides its CE level based on the measured
RSRP value and on the signaled threshold values (defining the CE levels), which are broadcast
by the base station in the System Information Block (SIB). Based on the measured RSRP value
the device, during the RA procedure, announces to the base station in which CE level it will
operate [31].

L CE-ModeB

CE-MaodeA

Figure 2-3 - Coverage Enhancement modes and levels in Cat-M1 [31].

2.2 Physical layer

In this section, an overview of the physical channels is presented. First, the channels used for
the UL transmissions are discussed, followed by the channels used for the DL transmissions.
As already mentioned, Cat-M1 is deployed in-band with LTE and therefore Cat-M1 uses only
part of the total available physical (time-frequency) resources. In general, each channel in Cat-
M1 uses one narrowband which is equal to six Physical Resource Blocks (PRBs) except for the
Physical Uplink Control CHannel (PUCCH) which uses just two PRBs. Table 2-2 shows the
number of PRBs and the maximum number of narrowbands that are allowed for different
bandwidths of the LTE carrier. The values that are mentioned in the remainder of this study
are assuming the LTE carrier bandwidth of 5 MHz. An extensive summary of the physical
channels in LTE and Cat-M1 is given in [32] as well as a comparison between the two
technologies.
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Table 2-2 - Number of PRBs and Cat-M1 narrowbands for different LTE carrier bandwidths.

LTE carrier Number of PRBs Number of Cat-M1
bandwidth (MHz) narrowbands

1.4 6 1

3 15 2

5 25 4

10 50 8

15 75 12

20 100 16

2.2.1  Uplink channels

The three main physical uplink channels that are relevant for our study are the
aforementioned PUCCH, the Physical Random Access CHannel (PRACH) and the Physical
Uplink Shared CHannel (PUSCH). The amount of resources that are allocated for each channel
is presented in Figure 2-4 and an overview of each channel is given below.

4 [ 2.2.1.1 PUCCH
” LTE PUCCH

Based on [33], it is assumed that five PRBs are
= | eMTC PUCCH allocated for LTE PUCCH transmissions and two PRBs

20 are allocated for Cat-M1 (eMTC) PUCCH
L transmissions (see also Figure 2-4). Focusing on the
= . PRACH eMTC PUCCH channel, two types of control

messages are transmitted: Scheduling Requests (SRs)
and Hybrid Automatic Repeat reQuest (Negative)
ACKnowledgements (HARQ-(N)ACK).

5 MHz
In general, a device transmits an SR in the PUCCH
whenever it has UL data to transmit and therefore it
must request dedicated resources from the serving

~ PUSCH base station for its UL data transmission. The SR
occupies one PRB. Furthermore, a device transmits
HARQ-(N)ACKs on the PUCCH after the reception of
DL messages. The HARQ-(N)ACK is used to indicate
whether the received DL message was corrupted and

'fl}: eMTC PUCCH therefore whether a re-transmission of the message

is needed.

LTE PUCCH

Finally, frequency hopping between the two PUCCH

, , , PRBs is required such that diversity gain can be
Figure 2-4 - Uplink channel resource allocation for a

5 MHz LTE carrier. achieved.

2.2.1.2 PRACH

The PRACH is the channel used in order to initiate the Random Access (RA) procedure and it
can be used for both eMTC and non-eMTC traffic. Basically, every time that a device needs to
initiate the RA procedure, it randomly chooses a so-called Zadoff-Chu preamble and transmits
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it to the base station on the PRACH. In total there are maximum 64 orthogonal preambles
which can be generated from prime-length Zadoff-Chu sequences and each one of those
preambles needs six PRBs to be transmitted. More details about the preambles can be found
in Chapter 17 in [6]. The range of preambles that a device can choose from is defined by the
base station and different ranges can be used per CE level. Ideally, this preamble range should
be set to maximum such that the probability of two or more UEs selecting the same preamble
will be almost equal to zero. This probability is referred to the collision probability and it is a
key performance metric when configuring the PRACH, since in case of collision, none of the
UEs that are part of the collision will have a successful transmission. UEs with unsuccessful
transmissions have to re-initiate the RA procedure, causing thus extra end-to-end delay. It is
also noted that after a predefined (by the base station) number of unsuccessful RA attempts,
the device considers itself in outage (see Section 2.4).

Apart from the preamble range, there are other parameters that can be configured and their
configuration can also vary depending on the CE level. One of those parameters is the so-
called PRACH configuration index which defines the time periodicity of the PRACH. This
implies that only during specific subframes the PRACH is available. In those subframes no
configured for potential PRACH transmission, the UL PRBs can be used for the PUSCH (see
below). Generally, the periodicity is defined as the number of PRACH subframes within a 10
ms Radio Frame (RF), where a RF is defined as the set of ten consecutive subframes (see also
Table 2-3). In total, there are 64 different configurations that can be used for the periodicity,
which are defined in Table 5.7.1-2 in [34], but typically there will be one, two, three, five or
ten PRACH subframes within one radio frame.

Because a preamble can be repeated multiple times in subsequent PRACH subframes due to
the different CE levels, a fresh RA attempt can be initiated only in a subset of the PRACH
subframes, leaving the remaining PRACH subframes only for repetitions. From [34], it is
defined that the subframes available for fresh RA attempts are the subframes jNs;qrt + Nyep
over the set of the PRACH subframes where N4+ is an index signaled by the base station,
Ny¢p is the number of repetitions of the preamble and j = 0,1, 2, .... Moreover, N4, Cannot
be smaller than N,., for each CE level. An example that illustrates this behavior is presented
below:

Assuming a configuration index equal to three, based on Table 5.7.1-2 in [34], the PRACH
will be available in subframes 1, 11, 21, 31, 41, 51, 61 and so on. Setting the starting
subframe (Ngq¢) equal to 4 and the maximum number of repetitions per preamble
(Nyep) equal to 2, we can calculate from the above-mentioned equation the subframe
indices 2, 6, 10, 14. Therefore, the subframes in which a device can initiate a fresh RA
attempt are the subframes 11, 51, 91, 131 and so on. In case a device initiates its RA
attempt in subframe 51, it will repeat its preamble in subframe 61 since Ny, is equal to
two. This behavior is also illustrated in Table 2-3 where as ‘PRACH’ are considered the
subframes that a preamble can be transmitted and as ‘Fresh’ is considered the subset of
PRACH subframes that a device can initiate its RA attempt. The subframes shown as
‘Repetition’, are the subframes to be used for a repetition of the preamble. The PRACH
subframes that are not labeled as ‘Fresh’ or ‘Repetition’ (such as subframe 1), can be
configured for use in a different CE level.
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Table 2-3 - Example presenting the available starting PRACH subframes with configuration index three, Ngtqrt = 4 and

Nyep = 2.

RF #0 RF #1
Subframe | 0 1 2 3 4 5 6 7 8 9 10 |11 |12 (13 |14 |15 | 16 | 17 | 18 | 19
PRACH 4 4
Fresh 4
Repetition

RF #2 RF #3
Subframe |20 | 21 |22 (23 |24 |25 |26 |27 |28 |29 |30 (31|32 (33|34 |35 |36 |37 38|39
PRACH 4 4
Fresh
Repetition v

RF #4 RF #5
Subframe | 40 | 41 |42 |43 |44 | 45 |46 | 47 | 48 | 49 | 50 | 51 | 52 ( 53 | 54 [ 55 | 56 | 57 | 58 | 59
PRACH v 4
Fresh v
Repetition

Finally, there is also the frequency offset parameter which indicates in which narrowband
within the system bandwidth of the LTE carrier the PRACH is located. Defining a different
frequency offset for each CE level can provide extra PRACH capacity to the network as there
will be fewer preamble collisions when compared to the case of using the same narrowband
for all CE levels. This PRACH capacity gain comes at a cost of fewer available UL resources for
other UL data transmissions (PUSCH). As mentioned before, for the case that two or more CE
levels share the same narrowband and subframes for the PRACH, disjoint ranges of preamble
values (from the total of 64 preambles) can be configured for each of those CE levels such
that there will be no preamble collisions among different CE levels.

It is important to also note that frequency hopping is mandatory for Cat-M1 UEs when
transmitting on the PRACH.

2.2.1.3 PUSCH

The PUSCH is the channel used for the UL data transmissions. The device needs to request
dedicated resources in the PUSCH (with a SR on the PUCCH) in order to transmit its UL data
and those resources are signaled by the base station via a scheduling grant transmitted on
the MPDCCH (see Section 2.2.2.1). Typically, the UL transmission starts three subframes after
the device will receive the scheduling grant as also illustrated in Figure 2-5. Moreover, the
base station signals to the device the number of repetitions for the UL data transmission,
based on the CE mode of the device (in contrast with the PRACH, where the repetitions were
defined per CE level). The available numbers of repetition are defined in Tables 8.2b and 8.2c
in [35] for CE mode A and B, respectively (see also Section 5.7.1). There is a repetition value
configured for the whole CE mode and based on that value, base station can chose the most
appropriate number of repetitions per device.

The PUSCH can use any resources that are not used for any other UL channels. However, for
a given Cat-M1 device, the assigned PUSCH resources must fall within a single narrowband
and can thus be up to six PRBs. In the example of the 5 MHz LTE carrier bandwidth shown in
Figure 2-4, there are twelve PRBs available for the PUSCH and thus two PUSCH narrowbands
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can be configured. Typically, only one narrowband is configured for Cat-M1 usage to ensure
that there are also PUSCH resources available for non-eMTC LTE traffic. It is also worth
mentioning that this resource separation between LTE and Cat-M1 is dynamic which implies
that unused LTE PUSCH resources can be used by Cat-M1 UEs if needed and vice versa.

Device EBase
Station

Scheduling Request (PUCCH)

=

Gap of at least 4 subframes

_ UL Grant (MPDCCH)

Gap of 3 subframes

UL Data Transmission (PUSCH) _

Cevice Base
Station

Figure 2-5 - Signaling needed for an UL data transmission in Cat-M1.

The supported modulation schemes for Cat-M1 devices on the PUSCH are QPSK and 16-QAM,
which implies a maximum Transport Block Size (TBS) of 1736 and 936 bits per narrowband

(with 16-QAM) for CE mode A and B, respectively.

Finally, frequency hopping is mandatory, just like for the PUCCH and PRACH transmissions.

2.2.2  Downlink channels

Due to the shorter supported bandwidth in Cat-M1 (1.4 MHz),
the DL physical channels are different than in the legacy LTE
physical channels. Therefore, only three DL physical channels
are available in Cat-M1 namely the MTC Physical Downlink
Control CHannel (MPDCCH), the Physical Downlink Shared
CHannel (PDSCH) and the Physical Broadcast CHannel (PBCH).
The Primary Synchronization Signal (PSS), the Secondary
Synchronization Signal (SSS) and the Reference Signal (RS) are
fully reused by Cat-M1 devices [36]. The PBCH as well as the
PSS/SSS and RS will not be discussed as they were not
modelled in this study. However, it is noted that their role is
considered as for example, the devices make use of the RSRP
to define their CE mode/level. An overview of the MPDCCH
and PDSCH is given below and their allocation on the downlink
channelis illustrated in Figure 2-6.

— MPDCCH

5 MHz

— PDSCH

A,
Figure 2-6 - Downlink channel
resource allocation for a 5 MHz LTE
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2.2.2.1 MPDCCH

MPDCCH is a new DL control channel introduced in Cat-M1 and it is meant to be used only by
Cat-M1 devices while the non-eMTC devices continue to make use of the legacy PDCCH. This
channel can carry different messages based on its Data Control Information (DCI) format. A
high-level description of the different DCI formats is given in Table 2-4, while for a more
extensive description of the fields of each format the reader is referred to Chapter 5 in [37].
It is important to note that there is no DCI format for power control regarding CE mode B as
due to the poor coverage all devices with CE mode B transmit at full power. An MPDCCH is
allocated in one narrowband (i.e. six PRBs are used) and it uses all OFDM symbols, as opposed
to the legacy PDCCH which uses up to three OFDM symbols per subframe. Therefore, the
MPDCCH and PDSCH cannot be multiplexed within the same PRBs and they are assigned in
different narrowbands.

Table 2-4 - DCI format for MPDCCH.

DCI format Description

3-3A Power control for CE mode A
6-0A Uplink grant for CE mode A
6-0B Uplink grant for CE mode B
6-1A Downlink scheduling for CE mode A
6-1B Downlink scheduling for CE mode B
6-2 Paging

Each repetition of the MPDCCH uses an aggregation of one or several consecutive Enhanced
Control Channel Elements (ECCEs), where each ECCE consists of multiple Enhanced Resource
Element Groups (EREGs). The EREGs are used to map the channel to Resource Elements (REs)
and there are 16 EREGs in total per PRB. The mapping to the REs can be either localized or
distributed. The localized transmission is used when reliable subband Channel State
Information (CSl) is available and the distributed transmission is used when the subband CSI
is not reliable [38]. Moreover, it is configured that each ECCE will have four EREGs (based on
Table 6.8A.1-1 in [34]) and therefore four ECCEs can be configured for each PRB and a total
of 24 ECCEs in one narrowband. Depending on the type of transmission (localized or
distributed), different MPDCCH formats can be defined as shown in Table 6.8B.1-2 in [34].
Each format indicates the number of ECCEs that consist the MPDCCH. For Cat-M1, the highest
aggregation level of ECCEs is used which is 24.

A device should monitor a set of the MPDCCH candidates on one or more narrowbands such
that it decodes any DL messages that are meant for it. These MPDCCH candidates are defining
four search spaces namely type-0 Common Search Space (CSS), type-1 CSS, type-2 CSS and
Device-specific Search Space. The candidates for each search space can be either on the same
or different narrowband. All control messages, regarding the RA procedure, are transmitted
in the type-2 CSS. The number of MPDCCHs to monitor in type-2 CSS is defined in Table
9.1.5.1b for CE mode A and Table 9.1.5.2b for CE mode B in [35]. This value depends on the
aggregation level and the number of repetitions of the message in the MPDCCH. For Cat-M1,
there is only one MPDCCH candidate regardless of the number of repetitions due to using an
aggregation level of 24.
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The repetitions used for the messages on the MPDCCH can be defined based on the CE level
that the target device belongs to. This repetition value is pre-defined for each CE level but it
is considered as a maximum value (7;,4,) since the base station can use a different value for
each device within the same CE level. The base station uses 13,4, in combination with Table
9.1.5-3 in [35] and calculates four different repetition values {r;,1,,13,1,}. From these four
values, the base station selects the most suitable repetition value based on the signal strength
of the device. Moreover, the starting subframe of the MPDCCH transmissions depends on the
maximum number of the MPDCCH repetitions 7,4, and the factor G which is defined from
higher layers. By using these two values, a period T can be defined as T = 13,4, * G Which
indicates the starting subframe of the transmissions where the possible values for G are 1,
1.5,2,2.5,4, 5, 8 and 10. Two examples showing this procedure are shown in Figure 2-7.

In the top part of Figure 2-7, the period T is equal to eight and thus a new cycle of MPDCCH
messages can happen every eight subframes. In contrary, in the bottom part of the figure,
there are four subframes that cannot carry any MPDCCH messages as the period T is equal to
12 and 73,44 is equal to eight. In both cases, messages that need to be transmitted one, two,
four or eight times (due to repetitions) can be transmitted in subframes colored with light
green, red, yellow or green respectively. It is important to note that only one MPDCCH
transmission can happen in every subframe as there is only one MPDCCH candidate in Cat-
M1. For example, in case that there is a transmission in subframe #0 targeting a device that
needs one copy of the message, the next available subframe for transmission to devices that
require two copies of the message, will be subframe #2 and not #1 (see also Figure 2-7).

Finally, frequency hopping is supported.

RF # RFO RF1
U8 8 SF 0|l1|2|3|4a|5|6|7]8]|09 2 (3|4 6| 7|89
Gr::: 1 AbsSF | D 12| 3 41 5] 6 7|1 8| 9]10|11]|12|13|14|15]|16| 17| 18] 19
Tur; 8 BLCESF | v | v | v | v | v | v | ¥ | v | ¥ | v v T IR IRV R
r1=1r1=4r1=2r1=3r1=4r1=r1=1r1=4r1=1r1=3r1=1r1=3r1=1r1=3r1=1r1=3r1=1r1=3r1=4r1=1

r2=2 r2=2 r2=2 r2=2 r2=2 r2=2 r2=2 r2=2 r2=2 r2=2

1 13-4 13=4 13=4 3=4 3=2
rd=8 rd=8 rd=8....
RF # RFO RF1
,-“!’ 8 SF 0|l]1]2|3|4|5|6|7|8|9|0|1|2|3|4(5]|6|7]|8]|29
G’:.:-_, 15 AbsSF [ 0| 1| 2| 3|4 |5]|6|7|8|9]|10[11])12[13]14|15]16]|17]18]19
TU:, 12 BLCESF | « | v | v | v |V | v | ¥ [V | ¥ | v ¥ | ¥ |v | ¥ v
r1=1r1=4r1=21r1=3r1=Yr1=1r1=1r1=1 r1=1r1=3r1=4r1=3r1=3r1=3r1=1r1=1
i r2=2 r2=2 r2=2 r2=2 valid SFs after r___ ) =2 =2 =2 r2=2
r3=4 r3=4 3=4 3=4
rd=8 rd=8

Figure 2-7 - Examples of valid starting subframes for the MPDCCH for 1y, 4,=8 in combination with G=1 (top) and G=1.5
(bottom) as presented in [39].

2.2.2.2 PDSCH

PDSCH is the channel carrying the actual DL data transmissions. Before a DL transmission on
the PDSCH, there is always a message on the MPDCCH which indicates the narrowband of
PDSCH, the number of used repetitions and the applied Modulation and Coding Scheme
(MCS). The DL transmission always starts two subframes after the transmission of the
message on the MPDCCH.
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The number of repetitions for the DL data transmission is based on the CE mode of the device
and the procedure is similar as in the PUSCH data transmission. The possible numbers of
repetitions are defined in Tables 7.1.11-1 and 7.1.11-2 in [35] for CE mode A and B
respectively. Like the PUSCH, there is a repetition value configured for the whole CE mode
and based on that value, the base station selects the most appropriate number of repetitions

per device.

The PDSCH for Cat-M1 devices is also defined in units of narrowbands and thus a DL
transmission to one device can make use of a maximum of six PRBs. Furthermore, and
similarly to the PUSCH, QPSK and 16-QAM are the only supported modulation schemes which
lead to a maximum TBS equal to 1736 and 936 per six PRBs (with 16-QAM), for CE mode A

and B respectively.

Finally, frequency hopping is supported.

2.3 Connection establishment for Cat-M1 device

In this study, all Cat-M1 devices are assumed
to be in RRC IDLE mode and switch to RRC
CONNECTED mode whenever they have to
perform an UL data transmission. In such
case, they will have to establish a connection
with the base station and then transmit their
data. After the transmission of the UL data,
the device becomes inactive, which results in
triggering the connection release procedure,
typically after 10 seconds inactive time. The
signaling involved it the connection
establishment, transmission of UL data and
connection release is shown in Figure 2-8.

First of all, the device initiates the RA
procedure such that it will make the network
aware that it wants to set up a connection.
The signaling of the RA procedure is discussed
in more detail in Section 2.4. After the
completion of the RA procedure, the device
can request dedicated UL resources with a
‘Scheduling Request’ (SR) sent on the PUCCH.
In response, the base station sends a
scheduling grant for the UL transmission
through the MPDCCH, upon which the device
transmits the ‘RRC Connection Setup
Complete’ message on the PUSCH and
finalizes its transition to the RRC CONNECTED
mode.

Device Base

Station

::' Device in RRC IDLE mode I,::

RA procedure  /
Preamble (PRACH)

Y

_ DL Scheduling (MPDCCH)

_ RAR (PDSCH)

Msg.3 - RRC Connection Request (PLUISCH)

Y

_ DL Scheduling (MPDCCH)

_ Msg.4 - RRC Connection Setup (PDSCH)

Scheduling Request (PUCCH)

L
Z-

_ UL Grant (MPDCCH)

Msg.5 - RRC Connection Setup Complete (PUSCH)

==————-1 Device in RRC CONNECTED mode |e==—=

Scheduling Request (PUCCH)

L
=

_ UL Grant (MPDCCH)

UL Data Transmission (PUSCH)

¥

Inactive Time

_ DL Scheduling (MPDCCH)

_ RRC Connection Release (PDSCH)
<

::' Device in RRC IDLE mode I,::

Device Base

Station

Figure 2-8 - Signaling for connection establishment,
transmission of UL data and connection release.
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While in RRC CONNECTED mode, the device again requests UL resources by following the
exact same procedure as used for the transmission of the RRC Connection Setup Complete
message (or Msg.5). However, this time it will transmit its UL data in the granted resources.
In the case where only a part of the total data can be transmitted in the allocated resources,
the same procedure should be repeated up until there is no more data in the buffer. This can
happen in the case when the device is assigned a small TBS (due to poor coverage), in
combination with the fact that the transmission be assigned no more than six PRBs. Typically
10 seconds (configurable value) after the completion of the data transmission, the base
station will transmit the RRC Connection Release message which will finalize the transition of
the device from RRC CONNECTED mode to RRC IDLE mode.

As a standardized addition to the above-mentioned procedure, Cat-M1 supports a feature of
early data transmission for devices that need to transmit time-sensitive data. This feature
basically allows devices to append their UL data (or part of them) to Msg.5, which finally leads
to a lower end-to-end delay of UL data transmission. For this behavior, the device appends as
much UL data as possible to Msg.5, such that the TBS is completely utilized, and then it sets a
flag in the Radio Link Control (RLC) header of the message in order to indicate to the base
station that there are also UL data within that specific message [40]. For scenarios that all UL
data can fit in Msg.5, the end-to-end delay is reduced by at least 10 ms as the device will not
have to undergo the procedure of requesting resources on PUSCH and wait for an UL grant
after reaching the RRC CONNECTED mode (see also Figure 2-5 and Figure 2-8).

2.4 Random access procedure for Cat-M1 device

The signaling of the RA procedure (see also Figure 2-8) for Cat-M1 is similar to the RA
procedure for ‘regular’ LTE with the difference that a different configuration of the RA
resources and their usage can be applied for each CE level. The parameters that can be
defined for each CE level and relate to the RA procedure are listed below [41].

e PRACH Configuration Index e Maximum Repetitions per
e PRACH Frequency Offset Preamble

e PRACH Starting Subframe e MPDCCH Repetitions

e Preamble Range e Random Access Response Window
e Number of Preamble Attempts e Contention Resolution Time

Figure 2-9 illustrates the signaling of the RA procedure in both LTE (right) and Cat-M1 (left).
From this figure it is clear that the main difference between the two RA procedures is the
introduction of two extra messages (2) and (5) on the new MPDCCH channel and the
repetitions of messages (N1-N6). As a consequence, the RA delay in Cat-M1 is expected to be
larger than in conventional LTE. Furthermore, in Figure 2-9, the values N1-N6 represent the
number of repetitions per message and the values G1-G5 the time interval in terms of number
of subframes. The N1 value refers to the repetitions of the preamble which are defined from
the ‘Maximum Repetitions per Preamble’ parameter, the N2 and N5 values refer to the
repetitions on the MPDCCH and are defined from the ‘MPDCCH repetitions’ parameter and
the values N3, N4 and N6 are signaled in messages (2), (3) and (5) respectively. The values of
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G1-G5 are predefined or influenced from the processing delays that arise at the base station

due to the network load. Both sets of parameters are defined in Table 2-5.
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Figure 2-9 - Random Access Procedure in Cat-M1 (left) and LTE (right).
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Table 2-5 - Definition of parameters shown in Figure 2-9.

Number of Repetitions Gap in terms of number of subframes

Value Description Value Description

Defined from the MPDCCH

Repetition of preamble is starting subframe which is

N1 signaled in SIB per CE level Gl influenced from the
periodicity T
N2 See Section 2.2.1.1 G2 1
. 6 + (A), where A is defined in
N3 See Section 2.2.2.2 G3 the RAR
Defined from the MPDCCH
. . starting subframe which is
N4 Defined in the RAR G4 .
influenced from the
periodicity T
N5 See Section 2.2.1.1 G5 1
N6 See Section 2.2.2.2 - -

As already discussed in Section 2.2.1.2, for a device to initiate the RA procedure, it must
randomly select a PRACH preamble value within the range of preambles allocated to its CE
level and transmit it in repetition. The number of repetitions (N1) depends on the device’s CE
level and is signaled for each CE level in the SIB. Each preamble transmission (1) is taking place
in consecutive PRACH subframes. After the preamble transmission, the device starts the
Random Access Response (RAR) window and waits to receive the MPDCCH messages (2)
which will indicate where and when exactly the device will receive an answer (RAR (3)) from
the base station.

However, there is a possibility that the base station does not receive the transmitted
preamble, in which case it does not generate any response. This happens when the SINR of
the preamble is less than the receiver’s sensitivity and it can be caused in the following two
scenarios:

1. The base station is not aware of the existence of the PRACH preamble transmission as
the transmit power used by the device for the preamble is not high enough or the
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channel between the device and the base station at that particular time experiences
high propagation losses which significantly degrade the transmitted signal.

2. There are at least two devices which transmitted the same preamble and due to the
interference that is caused, the base station does not receive the preamble of neither
devices and therefore it does not generate a reply. This is called a collision of
preambles. It is important to note that when the same preamble is used by multiple
devices but only one is received by the base station, no collision of preamble will
occur. The base station then transmits a response which however will be received by
all the devices that used that preamble (since the reply is linked to the preamble) and
not to a specific device. This, will then lead to a collision at the next UL transmission
(Msg.3) of the devices. The consequence from such occurrences will be discussed later
on.

If there is no RAR generated (and hence also no ‘DL Scheduling for RAR’ message in Figure
2-9), the RAR time window at the device will expire without the reception of the RAR.
Therefore, the device will then have to re-initiate the RA procedure using a new preamble.
This fresh RA attempt will be made only after waiting a random back-off time and with an
increased transmit power compared to the previous attempt. The back-off time is sampled
from a uniform distribution between zero and the back-off parameter value as signaled in the
SIB. The transmit power is increased based on a ‘ramping step’ parameter which is also
signaled in the SIB.

After the reception of the preamble, the base station needs to transmit the RAR. At first, it
schedules a message on the MPDCCH ((2); DCI format 6-1A/B based on Table 2-3) which gives
information to the device about the RAR message which will follow in the PDSCH. The
information in (2) includes the number of MPDCCH repetitions such that the device can
calculate in which subframe the transmission on the PDSCH will start. Additionally, the MCS
and number of repetitions to be used for the RAR on the PDSCH is included. Two subframes
after the transmission of the message on the MPDCCH, the base station starts the
transmission of the RAR (3) on the PDSCH. In essence, the RAR conveys the uplink grant to
the device for its Msg.3 transmission, including an indication of the number of repetitions of
Msg.3, the MCS and the resource allocation [35].

Upon reception of the RAR, the device transmits Msg.3 (4) on the PUSCH as instructed in the
RAR. The first subframe that will be used to transmit these messages is defined by the
parameter ‘UL delay’ in the RAR. If the ‘UL delay’ is set to 0 then Msg.3 will start to be
transmitted at least after 6 subframes. In case that it is set to 1 then the transmission will start
at least 6 + A subframes later, where A is set to the number of Msg.3 repetitions. After the
device transmits all the repetitions on the PUSCH, it starts the Contention Resolution Timer
and tries to decode the MPDCCH messages (5), which will signal the control information for
receiving Msg.4 (6) on the PDSCH. The procedure followed at the base station to transmit the
MPDCCH messages and Msg.4 on the PDSCH is like the one used for the RAR.

However, and as already mentioned, a collision of Msg.3 messages from different devices may
occur. Such case implies that two or more devices have transmitted their Msg.3 in the exact
same UL resources as they had used the same PRACH preamble and consequently received
the same RAR. When at least two of these Msg.3 transmissions are received at the base
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station, a collision happens as the base station does not know to whom it should reply. If only
one of the Msg.3 transmissions is received at the base station, then the procedure continues
normally just for that one device. All devices that do not receive the subsequently expected
MPDCCH messages before the expiry of the Contention Resolution Timer, re-initiate the RA
procedure with a new preamble, applying a randomly sampled back-off time and an increased
transmit power compared to the previous attempt, as described before.

Finally, there is a maximum on the number of access attempts that a device can have and this
number of attempts is also signalled in the SIB. In case a device fails to establish a connection,
after using the maximum number of access attempts, it will configure itself to a higher CE
level and initiate a new RA procedure with the new CE level configuration. Such a downgrade
to a higher CE level (corresponding with weaker coverage) can subsequently happen if the RA
procedure still fails until the device reaches CE level 3, which is the highest one. If there is no
success in any of the access attempts in CE level 3 then the device is considered to be in
outage and it does not initiate any further access attempts.
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Chapter 3 Random Access (RA) procedure in
5G networks

In this chapter, the considered enhancements on the reference CAT-M1 RA procedure as well
as the new two-step RA procedure are discussed. First, in Section 3.1, the Early Data
Transmission (EDT) procedure is discussed as it is already standardized by 3GPP for Release
15, along with some further enhancements that can be applied. Then, the new two-step RA
procedure will be discussed in Section 3.2. Finally, Section 3.3 describes the application of the
two-step RA procedure in the scenario where mini-slots are supported. It is noted that the
enhancements presented to EDT as well as the specific implementation of the two-step RA
procedure are contributions of this study.

Figure 3-1 presents the signaling from the initiation of the RA procedure by the device
(transmission of the preamble on the PRACH) until the UL data transmission for Cat-M1 (left),
EDT (center) and two-step RA procedure (right). From Figure 3-1 it is clear that the signaling
between the preamble transmission and the data transmission is decreased for the EDT
(compared to the reference RA procedure used in Cat-M1) and eliminated for the two-step
RA procedure. Consequently it can be expected that EDT will provide lower end-to-end delays
compared to the RA procedure used in Cat-M1 and the two-step RA procedure will provide
further reduction of the end-to-end delay, making it the best RA procedure among the three
regarding the end-to-end delay.

It is noted that the procedures described and the estimated delay values, in this chapter, are
assuming no repetitions of messages for the reasons explained later on in Section 4.5.
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Device Base Device Base Device Base
Station Station Station

Figure 3-1 - Signaling from the initiation of the RA procedure until the UL data transmission for Cat-M1 (left), EDT (center)
and two-step RA procedure (right).

3.1 Early Data Transmission (EDT)

The Early Data Transmission (EDT) is a new procedure that has been introduced by 3GPP in
Release 15 [42] and aims the reduction of the end-to-end delay as the devices can transmit
their data during the RA procedure (i.e. not necessarily going into RRC CONNECTED mode),
under some restrictions. Section 3.1.1 discusses in detail this new procedure and then
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Sections 3.1.2 and 3.1.3 discuss further enhancements that can be combined with EDT to
further improve the end-to-end delay.

3.1.1 EDT based on 3GPP Release 15

The need of shorter end-to-end delays has driven the development of the EDT procedure
which allows devices to transmit their data while undergoing the RA procedure. This is
illustrated in Figure 3-2, in comparison with the reference RA procedure as standardized for
CAT-M1. In the reference RA procedure the earliest possibility that a device could transmit its
data via the PUSCH is in Msg.5 appended to the RRC Connection Setup Complete message
(see also Section 2.4). However, with the EDT procedure the first occasion for UL data
transmission is moved earlier i.e. with the transmission of the RRC Connection Setup Request
message (or Msg.3).

In order to enable EDT according to the latest 3GPP standard, the base station broadcasts a
new information to the devices, namely the edt-TBS. In case the UL data size of a device is
lower than what the edt-TBS specifies, the device can initiate the RA procedure with EDT.
Otherwise it initiates the conventional RA procedure (as in Cat-M1).

Furthermore, a device which initiates the RA procedure with EDT, uses a preamble from a
group of reserved preambles (formed from a subset of the 64 available preambles in Cat-M1)
such that the base station will be able to recognize an EDT attempt. Upon the reception of
such an EDT-specific preamble, the base station responds with the Random Access Response
(RAR) message which now includes an UL grant for a size of edt-TBS, even if the device may
actually need less UL resources. The device then appends its data to Msg.3 and transmits the
aggregated data in the assigned UL resources. Finally, the base station ends the RA procedure
by replying to the device with the RRC Connection Setup message (or Msg.4), which now
indicates to the device that it should stay in RRC IDLE mode.? It is noted that a failure to receive
the Msg.4 forces the device to re-initiate the RA procedure as it implies that the base station
did not receive successfully the data.

If the EDT procedure is compared with the conventional/reference RA procedure for Cat-M1,
as presented in Figure 3-2, it is clear that the end-to-end delay can now be reduced by at least
23 ms (see Section 2.4 for the timings in RA procedure).

For the configuration of EDT, two parameters are crucial; the edt-TBS parameter and the
number of reserved preambles for EDT. The trade-offs associated with the configuration of
these parameters are explained below:

1. edt-TBS: As already mentioned in Section 2.2.1.3, the maximum number of PRBs that
can be assigned to a device for an UL transmission is six. Therefore, the maximum
value of edt-TBS, assuming six PRBs and the use of MCS 7 (which is the maximum
allowed MCS for Msg.3), is 89 bytes (712 bits), see Table 4-3. However, the EDT
procedure is expected to be used by devices which typically need to transmit even
shorter messages, e.g. 40 bytes as assumed in this study (see Section 4.2). The
transmission of data smaller than 89 bytes is effectively a waste of UL resources as the

3 In 3GPP Release 15, it is standardized that the base station can also instruct the device to switch to RRC
CONNECTED mode.
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devices will not have to make use of all six PRBs that are assigned to them. On the
other hand, choosing a smaller edt-TBS can lead to under-performance of the
procedure in terms of the delay enhancement, as some devices with larger messages
may then in fact not qualify for the EDT procedure and hence not benefit from the
potential delay improvement. For this study, it is chosen that the maximum TBS, hence
89 bytes, is used for the edt-TBS value, as for lower values, i.e. values corresponding
to two or three PRBs, none of the devices of the studied scenario would be able to
make use of the EDT procedure. This is because the size of Msg.3 of the RA procedure
is six bytes and the smallest UL data used in the studied scenario is 40 bytes. With a
total of 46 bytes to be transmitted in one TBS, six PRBs are needed (for MCS 7).

2. Number of EDT-specific preambles: The devices which intend to use the EDT
procedure, use preambles from a subset of the total 64 preambles. The overall set of
64 preambles should thus be split into two groups; one for EDT transmissions and one
for non-EDT transmissions. Reserving too few preambles for EDT can cause a high
number of preamble collisions which will then lead to high delays or even outages* if
the device reaches the maximum allowable number of access attempts. However,
reserving too many preambles for EDT can have the described effect on the devices
that do not use the EDT procedure. Therefore, in order to determine the optimal split
of preambles, a sensitivity analysis is required (see Section 5.3).

Based on the above, for this study, it is expected that the URLLC devices will make use of the
EDT procedure, as their UL data size indeed satisfies the limiting imposed by edt-TBS, while
the non-URLLC devices will use the reference CAT-M1 RA procedure. It is also expected that
the end-to-end delay for the EDT procedure, and consequently for the URLLC data, will be
above the 10 ms requirement with 99.99% reliability for URLLC traffic. More specifically, an
average delay of 2.5 ms is expected as waiting time for a preamble opportunity on the PRACH,
considering that the PRACH is supported in two subframes in a radio frame of 10 ms (see
Section 4.5.2). Additionally, on average and for devices experiencing no preamble collision, a
delay of at least 14 ms is expected from the time of the preamble transmission until the
successful reception of the data at the base station (see also Section 2.4). Thus, a total of an
average 16.5 ms is expected for the end-to-end delay for URLLC devices that experience no
preamble collisions. Therefore, the 10 ms requirement with 99.99% reliability can definitely
not be met.

4Recall from Section 2.4 that a device is considered in outage when it does not succeed to establish a connection
with the base station with the pre-defined number of tries.
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Figure 3-2 - The conventional Cat-M1 RA procedure (left) in comparison with the EDT procedure (right).

3.1.2 EDT with priority and shorter windows

As already mentioned, on average, the end-to-end delay for the EDT procedure is expected
to be 16.5 ms and thus the 10 ms requirement with 99.99% reliability cannot be met.
Therefore, further enhancements are needed in order to improve this delay.

The first improvement that is studied, is the application of priority to devices following the
EDT procedure. For those devices, the base station is scheduling its reply on the MPDCCH and
PDSCH, for the RAR message and Msg.4, with priority, over devices which use the
conventional RA procedure. Furthermore, the base station is granting access to the UL
resources, on the PUSCH, again with priority to the devices using EDT over devices which use
the conventional RA procedure. The priority given to devices which use the EDT procedure,
introduces a trade-off for the end-to-end delay of non-URLLC and URLLC devices. This is
because the EDT procedure is expected to be used by URLLC devices and thus the priority will
benefit their end-to-end delay at the cost of the end-to-end delay of non-URLLC devices.

Because of the applied priority in scheduling of DL messages to the devices using EDT, it is
expected that the RAR message and Msg.4 will be received earlier than for scenarios without
priority. Therefore, the RAR window and the contention resolution window for the devices
that use EDT can be configured with lower values. With this configuration, the devices which
are experiencing preamble collisions, are able to recognize that they have to re-initiate the
RA procedure earlier (due to the shorter windows) than previously. For this study, it was
decided that both windows are set to half the values of the conventional/reference
procedure, resulting in 10 ms and 40 ms for the RAR and contention resolution windows,
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respectively. However, the reduction of the RAR and contention resolution windows has a
trade-off with the number of preamble retransmissions. For scenarios where very short
windows and high network loads apply, a device might re-initiate the RA procedure while
there was not an actual preamble collision and the base station was delaying its reply as it
was busy handling other traffic in the network.

With the priority enhancement, it is expected than the end-to-end delay will be improved for
devices using the EDT procedure, hence devices handling URLLC traffic. Moreover, due to the
faster reactions upon preamble collisions, the end-to-end delay will be reduced significantly
for devices that have to retransmit the preamble while using the EDT procedure. For example,
reducing the RAR window from 20 ms (for the reference CAT-M1 RA procedure) to 10 ms
gives a 10 ms delay gain per retransmission. However, it is still not expected that the end-to-
end delay for URLLC traffic will drop below 10 ms with 99.99% reliability as devices that
experience even one preamble collision will have an end-to-end delay higher than 10 ms,
since just the value of the RAR window is already 10 ms.

3.1.3 EDT for all devices

The EDT procedures presented in Sections 3.1.1 and 3.1.2 are expected to be used by devices
handling URLLC traffic. However, the delay gain that is experienced by URLLC devices will be
at the cost of the delay of the non-URLLC devices, which are using the conventional RA
procedure, as the URLLC devices have priority on both UL and DL resources. From the
requirements derived in Section 1.2, it is clear that non-URLLC devices also have to meet an
end-to-end delay requirement of 50 ms with 99.9% reliability. Therefore, further
improvements on the EDT-based RA procedure should be considered such that the delay for
non-URLLC devices should also be decreased.

As described in Section 3.1.1, the maximum edt-TBS that can be defined is 89 bytes (712 bits)
due to the restriction of using a maximum MCS 7 for Msg.3. The restriction of MCS 7 was
applied due to the importance of Msg.3, in the RA procedure, and thus more robust MCSs are
preferred for this particular message. However, as a further EDT improvement, it is decided
to relax the restriction of MCS and allow transmissions with up to MCS 15, which is the
maximum allowable MCS for data transmissions in Cat-M1. Consequently, the maximum edt-
TBS that can now be applied is 217 bytes (1736 bits) for six PRBs and MCS 15. The new and
larger edt-TBS that is now chosen enables also some non-URLLC devices (the ones which can
use MCS 15) to make use of the EDT procedure as non-URLLC devices need to transmit a total
of 206 bytes (Msg.3 is 6 bytes and non-URLLC UL data are 200 bytes in this study).

Following the same line of thought, an additional enhancement can be applied such that all
devices in the network will profit from the EDT procedure. The basic idea is to allow all devices
transmit their UL data along with Msg.3, during the RA procedure, and transmit also a buffer
bit which is indicating whether the device still has more UL data to transmit in its buffer. In
case that the buffer bit indicates that more UL data needs to follow, the base station will
signal to the device in Msg.4 to switch to RRC CONNECTED mode and thus the device can
transmit (part of) the rest of its data during the transmission of Msg.5. If still not all data can
be transmitted during the Msg.5 transmission, the device will transmit the remaining data
from the RRC CONNECTED mode. In the alternative case that the buffer bit indicates that
there is no more UL data to follow, the base station will signal through Msg.4 that the device
will stay in RRC IDLE mode.
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It is stressed that the priority enhancement and the shorter RAR and contention resolution
windows are still applicable for URLLC devices such that their end-to-end delay will not be
influenced by the new behavior of the non-URLLC devices.

For the implementation of the above-mentioned procedure, it is implied that there is no
longer a need for advertising an edt-TBS as both non-URLLC and URLLC devices will make use
of the EDT procedure. Therefore, the base station always includes in the RAR message an
allocation of six PRBs on the PUSCH for the Msg.3 transmissions. Then, based on the MCS
indicated in the RAR message, devices append to their Msg.3 as much UL data as possible
such that they will make full use of the six PRBs that they are assigned.

A similar argument for the potential waste of PUSCH resources as noted above in Section
3.1.1, applies for this variation of EDT. This is because allowing for maximum MCS for Msg.3
from 7 to 15, the URLLC devices now might require fewer PRBs for their UL data transmission
but they are assigned six PRBs anyway. Additionally, allowing non-URLLC devices transmitting
(part of) their UL data during the Msg.3 transmission can lead to improvement of the UL
resource utilization, as these devices will need fewer accesses on the PUCCH and PUSCH later
on. This UL resource utilization improvement can be significant when there is a significant
number of non-URLLC devices that can transmit all their UL data along Msg.3. From Figure
3-2, it is clear that a device which can transmit its full data along Msg.3, does not have to
make use of the PUCCH for any scheduling requests and also Msg.5 no longer has to be
transmitted (device will be in RRC IDLE mode). It is expected that the UL resource utilization
of the network will be influenced mostly by the behavior of the non-URLLC devices as there
are significantly more of them than of the URLLC devices.

Furthermore, improvement of the end-to-end delay is expected for the non-URLLC devices.
Considering that there is a significant number of non-URLLC devices that can transmit all their
UL data within Msg.3, the average end-to-end delay for non-URLLC devices will be comparable
with the end-to-end delay for URLLC devices. It is noted that non-URLLC devices use longer
RAR windows than URLLC devices and thus non-URLLC devices that experience preamble
collisions, will have different end-to-end delays than the corresponding URLLC devices.

3.2 Two-step RA procedure

The two-step RA procedure, like EDT procedure, aims to decrease the end-to-end delay by
enabling the transmission of UL data during the RA procedure. It is however noted that in the
two-step RA procedure, the goal is to transmit the UL data quickly and not to establish a
connection with the base station as this approach is meant to be used by devices handling
infrequent URLLC data. Section 3.2.1 presents the basic two-step RA procedure and Section
3.2.2 presents an enhancement applying immediate repetitions of the UL data which may
further improve the end-to-end delay performance. Finally, Section 3.2.3 presents another
enhancement of the basic two-step RA procedure which makes use of feedback from the base
station such that the end-to-end delay is improved further.

3.2.1 Basic two-step RA procedure

The basic two-step RA procedure aims to transmit the URLLC UL data as soon as possible after
the transmission of the preamble, without waiting for the RAR message from the base station.
Then, after the URLLC UL data transmission, the device remains in RRC IDLE mode. This
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behavior is illustrated in Figure 3-3. In general, the base station advertises an edt-TBS such
that devices can decide whether they can make use of the two-step RA procedure (same
concept as in Section 3.1.1). However, the two-step RA procedure is meant only for URLLC
devices and thus the advertised edt-TBS should be set accordingly. More specifically, an edt-
TBS of 69 bytes (552 bits) is a suitable choice as it is the smallest TBS that can transport 40
bytes (320 bits) within two PRBs when using MCS 15.

The RAR message indicates to the devices when they should perform their Msg.3 transmission
on the PUSCH and which PRBs should be used for this transmission. As the RAR message is
absent in the basic two-step RA procedure this creates two problems:

1. The URLLC devices do not know when they should perform their UL data transmission.
2. The URLLC devices do not know in which PRBs (where) on the PUSCH they should
perform their UL data transmission.

In order to overcome the timing (‘when’) problem for the UL data transmissions, a pre-defined
and fixed time value is assumed for the UL data transmissions such that the URLLC devices
and the base station are time-synchronized. However, the issue at hand here is how long this
pre-defined interval should be, expressed in number of subframes (SF; see Figure 3-3). In the
regular RA procedure for Cat-M1, the minimum processing time that the base station needs
in order to transmit the RAR message is 3 ms. However, during those 3 ms, the base station
makes calculations about parameters (e.g. which narrowband on the PUSCH should be used
by the device for its Msg.3 transmission) that need to be included in the RAR message. For
the two-step RA procedure, the base station only needs to recognize a URLLC data
transmission based on the value of the preamble and thus it is considered reasonable to
assume that this processing time is a bit shorter, assumed at just 2 ms. Consequently, it is
assumed that the UL data transmission from a URLLC device could be performed at least 2 ms
after the transmission of the preamble.

Upon reception of a preamble from a URLLC device the base station transmits a flag on the
MPDCCH during SF4 (see Figure 3-3), which indicates to all non-URLLC devices to back-off
from utilizing PUSCH resources, which may have been allocated via previous UL grants, in the
next subframe SF5. With this approach the base station ensures that all PUSCH resources will
be available for use by URLLC devices>, 3 ms after the transmission of the URLLC preamble.
Consequently, the pre-defined time period for where URLLC devices are pre-configured to
transmit their UL data on the PUSCH is decided to be 3 ms after their preamble transmission
in SF5, as illustrated in Figure 3-3.

5n a 5 MHz bandwidth, a maximum of three narrowbands (18 PRBs) can be used for the PUSCH, for subframes
without PRACH support.
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Figure 3-3 - Signaling and timeline for the two-step RA procedure, assuming two PRACH occasions (SF1 and SF6) within one
10 ms radio frame.

URLLC devices already know from edt-TBS that they can make use of two PRBs on the PUSCH
and that with MCS 15 they will be able to transmit 69 bytes and thus all their UL data.
However, edt-TBS only defines the number of PRBs (i.e. two PRBs) that are available for each
URLLC device but not the mapping of those PRBs on the PUSCH (the ‘where’ issue).
Consequently, URLLC devices that choose to transmit their UL data on overlapping set of PRBs
will experience collisions on data which results in unsuccessful data transmissions and an
effective waste of UL resources. For this reason, it is very important that there is a matching
of URLLC devices to different non-overlapping sets of PRBs. This matching can be signaled
from the base station but a more realistic and less complex solution will be to introduce a
matching of preambles to the non-overlapping sets of PRBs, which is derived by the base
station and broadcasted in the SIB.

Figure 3-4 illustrates a potential matching of preambles to the UL resources for subframes
that the PRACH is not supported and thus there are eighteen available PRBs for URLLC UL data
transmissions. For the example case that nine preambles are reserved for URLLC
transmissions, each preamble can be matched to a different set of PRBs (see left side of Figure
3-4) and thus devices which use different preambles will use different non-overlapping PRBs
for their UL data transmission. For example, a device which used preamble #1 will transmit
its UL data in PRBs 19 and 20, while a device which used preamble #8 will transmit its UL data
in PRBs 5 and 6. However, for scenarios with more than nine preambles reserved for URLLC
transmissions (e.g. fifteen reserved preambles; see right side of Figure 3-4), more than one
preamble will match to a set of PRBs which can potentially lead to collisions on the UL data.
For example, a device which transmitted preamble #1 and another device which transmitted
preamble #10, will not experience a preamble collision as they are using different preamble
values but will experience collision on the UL data as they will both transmit their UL data on
PRBs 19 and 20.
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Figure 3-4 - Possible matchings of 9 (left) and 15 (right) preambles to non-overlapping PRB sets on the PUSCH in a 5 MHz
carrier for URLLC transmissions in the two-step RA procedure.

After the transmission of their UL data on the PUSCH, URLLC devices start a timer of 5 ms®
and start listening for an acknowledgement from the base station which will signal the correct
reception of their data. In case the timer expires without receiving an acknowledgement, the
devices have to restart the procedure. The two possible causes of forcing a device to restart
the procedure are the collision of the preamble on the PRACH and the collision of the UL data
on the PUSCH.

It is noted that for this specific method, the effects of the uncertain Time Alignment (TA) have
not been taken into account as devices are considered to be fixed in a specific location. In
general, the TA is a time offset which ensures that the UL data transmissions from different
devices arrive approximately at the same time at the base station. The TA value is calculated
at the base station and transmitted to the device in the RAR message, something that does
not happen with the two-step RA procedure as there is no RAR message. The need of having
a TA arises from the different propagation delays that devices have as they have different
distances to the base station (see [43] for more details on TA). Therefore, for this study, it is
considered that the TA is already known to the devices as due to their fixed location, their TA
will be always the same.

With the two-step RA procedure, it is expected that the end-to-end delay for URLLC devices
which experience no collisions, will be below 10 ms. This is because a URLLC device needs to
wait for a PRACH opportunity for 2.5 ms on average, when two PRACH occasions occur per 10
ms. Then, 3 ms after the preamble transmission it can transmit its UL data and thus a total of

5 This corresponds to the RAR window which is reduced even further to 5 ms for even faster reactions to
collisions.
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7.5 ms end-to-end delay is expected on average. Furthermore, the end-to-end delay for some
non-URLLC devices will be increased by 1 ms compared to the EDT procedures due to the
back-off time that they are forced to apply whenever there is a URLLC data transmission.

Note here that in the two-step RA procedure there are two kinds of collisions that can happen,
namely a preamble collision or a data collision, and therefore the number of retransmissions
in the network could be higher than in the EDT procedures. The higher number of
retransmissions is also expected to increase the resource utilization of the UL channel
compared to the EDT procedures as more access attempts may need to be carried out.
Moreover, the reservation of all three narrowbands on the PUSCH, each time that a URLLC
preamble is detected by the base station, also leads to an increased resource utilization of
the UL channel. Essentially, we are trading a reduced resource efficiency for an enhanced
delay performance for URLLC data, considering that the effective waste of UL resources may
be bearable given the relatively low number of URLLC devices.

As already explained, the collisions during the UL data transmission can influence the
performance of URLLC devices with respect to end-to-end delay significantly. Therefore,
further enhancements of this basic two-step RA procedure are needed such that the
probability of the UL data being received correctly at the base station is increased. Two
enhancements, one with repetitions of the UL data and one with feedback from the base
station, are explained in Sections 3.2.2 and 3.2.3 respectively and thus there is no need to
numerically assess the basic two-step RA procedure presented in this section.

3.2.2 Two-step RA procedure with repetitions

As discussed above, in the two-step RA procedure there is a need to match the URLLC
preambles to PRBs for the URLLC UL data transmissions. As a consequence, if URLLC devices
use URLLC-specific preambles that match to the same PRB set of UL resources, then these
URLLC devices will experience collisions on their UL data, and will have to re-initiate the
procedure after the expiry of the ACK timer. In order to increase the probability of correct
reception of the UL data at the base station, UL data repetitions could be applied as illustrated
in Figure 3-5. It is noted that during SF6 in Figure 3-5 the PRACH is supported but there are
also UL data repetitions happening on the PUSCH.

37



Device Base
Station

:' Device in RRC IDLE mode l,:
RA procedure /

| Preamble (PRACH) _,
3,

back-off message
on MPDCCH
|

| DATA (PUSCH)

i DATA (PUSCH)

| DATA (PUSCH)

=| Device in RRC IDLE mode |,=
T T

Device Base
Station
URLLC Transmit URLLC UL data HARQ-ACK
preamble back-off transmission with reception
transmission message two repetitions at device
L Y h 4 h 4

[ sF1 | sF2 | sF3 | sF4 | sF5 |[—sF6— SF7 sF8 | sF9 | sF10 | SsF11 |

| PRACH | MPDCCH | PUSCH |

Figure 3-5 - Signaling and timeline for the two-step RA procedure with two repetitions of the UL data, assuming two PRACH
occasions (SF1 and SF6) within one 10 ms radio frame.

The main idea of this procedure is to match every URLLC preamble to a different set of UL
resources at each transmission of UL data. With this way, the probability of two or more
preambles, that are currently in use, match consistently to overlapping PRBs, will be reduced.
Figure 3-6 illustrates an example of a matching of preambles to UL resources for two
consecutive subframes. From this figure, it can be understood that the probability of a
successful transmission of UL data for a device which uses preamble #1 - #3 or #10 - #15 is
increased. Furthermore, devices which use preamble #4 - #9 are guaranteed that they will
have a successful data transmission. In general, the probability of successful data transmission
is correlated with the number of repetitions used, as an increase of the number of repetitions
(and thus an increase of different matching combinations among preambles and PRBs) will
reduce the probability of experiencing a data collision in every data transmission. It is noted
that a data transmission is considered successful if the base station correctly receives the data
at least once.

A detailed example (based on Figure 3-6) illustrating the above-mentioned behavior, for
scenarios where two UL data transmissions (one fresh attempt, one immediate repetition)
are configured, is presented below:

Three devices (D1, D2 and D3) are transmitting their UL data in the same subframe with
preamble values #1, #10 and #13, respectively. Hence the preambles do not collide.
During the first data transmission, however, D1 and D2 experience a collision as they are
matched to the same set of PRBs (Set 1), while D3 has a successful data transmission.
During the second transmission, preambles #1 and #13 are matched to the same UL
resources (Set 1) while preamble #10 is matched to different resources (Set 7) and thus
D2 will now experience a successful data transmission. Overall, the base station will
receive correctly the UL data of D2 and D3 after these two consecutive transmissions
while D1 will have to re-initiate the procedure, after the expiry of a timer.
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Figure 3-6 - Example of matching 15 preambles to UL resources while using two consecutive data transmissions.

From the above example, it is made clear that the number of transmissions of the UL data
and the way that the preambles are matched to the UL resources is very important.
Specifically, and in reference to the above example, in a setup where three transmissions
would be applied, another matching of preambles to PRBs would have to be configured and
the probability of collision would be reduced even further, providing D1 with a better chance
to transmit its data successfully. Therefore, a sensitivity analysis should be carried out in order
to define the number of UL data transmissions needed such that the probability of
unsuccessful reception of the UL data to the base station due to data collisions will be reduced
significantly, or ideally set to zero (see Section 5.5.2).

With this method, the probability that the UL data will be received correctly at the base
station is increased. Of course, this comes with the cost of repetitions (each introducing 1 ms
delay) and higher resource utilization of the UL channel as more traffic is generated in the
network due to the multiple transmissions of the UL data. Moreover, the average end-to-end
delay will be increased compared to the basic two-step RA procedure (without repetitions)
but at the same time the number of attempts that a device will need in order to successfully
transmit its data will be decreased. This decrease of number of attempts will strongly
influence, positively, the higher percentiles of end-to-end delay, which is the focus of this
study. Therefore, the improved delay performance for high percentiles of URLLC traffic comes
at the cost of a reduced resource efficiency. It is also noted that the end-to-end delay for
some non-URLLC devices (the ones transmitting their data during the period when URLLC
transmissions also occur) will increase linearly with the number of URLLC data transmissions,
as they will have to be back-off from the UL resources for more than 1 ms.
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3.2.3 Two-step RA procedure with feedback

Increasing the probability of correctly receiving the URLLC UL data at the base station can also
be achieved with the two-step RA procedure with feedback, as an alternative to the two-step
RA procedure with repetitions discussed above. The goal of this procedure is to actually
prevent collisions of the URLLC UL data transmissions such that the correct reception of the
data at the base station will be achieved without the need of repetitions.

A way of implementing this procedure is for the base station to signal to URLLC devices, on
the MPDCCH, a mapping of the used preambles to the corresponding sets of (two) PRBs that
are to be used for the UL data transmission. As already mentioned in Section 3.2.1, nine such
sets of two PRBs can be derived in the UL channel for URLLC data transmissions and thus nine
devices can be transmitting at the same time their UL data in different PRB sets. In order for
the base station to signal this mapping, at most nine pairs of preamble and PRB sets are
needed and thus nine signaling messages of 10 bits’ each have to be transmitted. This gives
a total of 11.25 bytes (90 bits) to be transmitted on the MPDCCH. In order for this method to
be applied, it is therefore required that 90 bits can indeed be transmitted on the MPDCCH
along with the back-off message that is transmitted to non-URLLC devices, two subframes
after the transmission of a URLLC preamble. In this study, the structure of the message to be
transmitted on the MPDCCH was not studied and therefore for the rest of the study it will be
assumed that it is indeed feasible to do this message transmission. Figure 3-7 presents the
signaling and timeline of the two-step RA procedure.

Compared to the two-step RA procedure with repetitions, this procedure decreases both the
UL resource utilization and the end-to-end delay for URLLC devices as their data are received
successfully with one transmission. However, the downlink resource utilization is increased
due to the extra bits transmitted on the MPDCCH and the maximum number of URLLC devices
that is supported is nine as there are only nine sets of non-overlapping PRBs on the PUSCH
per subframe for a 5MHz carrier. It is noted that for scenarios where more than nine URLLC
devices transmit their preamble during the same PRACH subframe, some of them will not
‘read’ their preamble on the feedback message from the base station and therefore they will
have to re-initiate the RA procedure.

7 6 bits are needed to signal a given choice from 64 preambles and 4 bits to signal a given PRB set from nine
possible such PRB sets.
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Figure 3-7 - Signaling and timeline for the two-step RA procedure with feedback, assuming two PRACH occasions (SF1 and
SF6) within one 10 ms radio frame.

3.3 Mini-slots

The 5G New Radio (NR) physical layer will be supporting a new radio frame structure, which
will have the option of having shorter subframes than those used in LTE [44]. For this study,
it is considered that the subframes used so far can be reduced to half but at the same time
the resources in the frequency domain for each PRB will have to be doubled in order to
achieve the same resources (in term of Resource Elements (REs)) as with the normal PRBs.
Figure 3-8 presents one LTE subframe which consists of 14 OFDM symbols and has a total
duration of 1 ms and the respective PRB consists of 12 subcarriers with 15 kHz spacing.
Additionally the new subframe used for 5G NR is also presented with the difference that the
duration of the 14 OFDM symbols is half of that of the OFDM symbols in LTE, while the spacing
of the 12 subcarriers of the corresponding PRB is now 30 kHz instead of 15 kHz. With this
design, the amount of data that can be transmitted in 180 kHz in 1 ms in LTE can also be
transmitted in 360 kHz in 0.5 ms in 5G NR. The support of these new mini-slots however offers
the possibility to reduce the transmission delays involved in the RA procedures described and
therefore a short analysis can indicate the influence of mini-slots on the end-to-end delay.
This influence will be investigated only for the scenario of the two-step RA procedure as it is
the procedure which provides the shorter end-to-end delays.
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Figure 3-8 - Subframes and slots in LTE and 5G physical layer.

Figure 3-9 shows the messages exchanged in the two-step RA procedure with feedback in a
time-line, for the scenarios of using the regular LTE subframes (top) and the new 5G
subframes based on mini-slots (bottom). As already explained in Section 3.2.1, devices
transmitting a URLLC preamble can transmit after 3 ms their UL data. Therefore, for the
scenario of regular LTE subframes (and based on Figure 3-9), a device which transmits a URLLC
preamble in SF #1, can transmit its UL data in SF #5. For the scenario where the 5G subframes
are applied, a device can still transmit its preamble in SF #1a but its UL data transmission will
only be possible six subframes later, in SF #4b. The increase from three (in LTE) to six (in 5G
NR) subframes between the preamble and the UL data transmission is based on two factors:

1. The base station requires 2 ms processing time in order to identify that a URLLC
preamble was transmitted. This 2 ms processing time translates to two regular LTE
subframes and four 5G subframes.

2. After the identification of a URLLC preamble, the base station transmits a flag on the
MPDCCH such that non-URLLC devices will back-off from the resources on the PUSCH.
For this action it is considered that 0.5 ms is needed for the transmission of the flag
and another 0.5 ms is needed as processing time at the non-URLLC devices.
Therefore, this translates to one regular LTE subframe and to two 5G subframes.

1 2 3 4 5 6 7 8 9 10 11
la [1b[2a]2b|3a[3b|4a[4b|5a|5b|6a|6b|7a|7b]8a|8b[9a|9b[10a]10b]11a]11b

[ PRACH | MPDCCH | PUSCH |

Figure 3-9 - Time-line of two-step RA procedure with feedback using the regular LTE subframes (top) and the new 5G
subframes based on mini-slots (bottom).

Furthermore, the transmission time of the UL data on the PUSCH cannot be reduced with the
use of mini-slots. This behavior is relevant to the two-step RA procedure as the procedure
requires the reservation of the full frequency resources for 1 ms (see Section 3.2.1). Thus, also
in the scenario with 5G subframes, 1 ms is required for the UL data transmission.

Finally, for the scenarios where either a preamble or a data collision occurs, devices have to
wait until the expiry of a 5 ms timer before they initiate a fresh try. This translates to five
regular LTE subframes and to ten 5G subframes. Therefore, for both regular and 5G
subframes, a device will start its fresh try on the PRACH at the same time (SF #11 for regular
LTE and SF #11a for 5G in Figure 3-9).
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From all the above, it is clear that there will only be 0.5 ms gain, on average, for the end-to-
end delay for scenarios where 5G subframes are supported. Thus, applying the two-step RA
procedure on 5G subframes provides limited gains, in terms of end-to-end delay, due to the
high processing times that are needed throughout the procedure. It is also noted that the
resource utilization of the UL channel is expected to be the same for both regular LTE and 5G
subframes as the UL resources, in terms of REs, and the number of retransmissions in the
network are not changing. Therefore, it can be concluded that the use of mini-slots will not
be beneficial for the goals of this study and no numerical evaluation is carried out. It is also
noted that these estimations were based on the assumption that the same physical layer
modeling (e.g. transport block size) can be applied in both LTE and 5G NR.
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Chapter 4 Simulation models

In this chapter, the simulation modeling is discussed including the assumptions and
simplifications that are made. First of all, the details about the devices and the network
topology in the considered Factory of the Future (FoF) are presented in Section 4.1.
Subsequently, the traffic models used and the assumed propagation environment of the
considered factory are presented in Section 4.2 and Section 4.3, respectively. The Radio
Resource Management (RRM) mechanisms for the data transmissions are presented in
Section 4.4. Then, Section 4.5 gives an overview on how Cat-M1 system was configured in the
study. The chapter is concluded in Section 4.6 with an overview of the simulation flow.

4.1 Network topology

The presented study assumes a general layout that can
be applied in many factories. The size of the factory, as
illustrated in Figure 4-1, is chosen to be 50 m x 50 m and
its height is 10 m which is a typical value for factories. It
is important to note that the factory, regardless of its
height, is assumed consist of only a ground floor.

The base station is located indoor in the center of the
factory, mounted at the factory ceiling, as that can
provide a better coverage than placing the base station
outdoor. Furthermore, Table 4-1 shows the maximum
transmit power, antenna gain, noise figure and height of
Figure 4-1 - Factory layout [58]. the base station and the devices.

Table 4-1 - Details about the base station and devices in the network as also used in [45].

Parameter Base Station Device \
Maximum Transmit Power 36.8 dBm 23 dBm
Maximum Antenna Gain® 2 dBi 0 dBi
Noise Figure 3dB 5dB
Height 10 m 1.5m

Inside the factory, two types of devices are considered: devices handling URLLC traffic and
devices handling non-URLLC traffic (see also Section 1.1 and 1.2). Both types of devices are
uniformly distributed in the area of the factory at a height of 1.5 meter. All of these devices
have the characteristics as given in Table 4-1.

An example layout of the factory, i.e. the deployed base station and the devices is shown in
Figure 4-2. For this specific example, 6000 devices were used of which 95% are assumed to
generate non-URLLC traffic and 5% generates URLLC traffic. The base station (eNB) is also
shown in the center of the factory.

8 For both base station and devices, omnidirectional antennas are considered
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Figure 4-2 - One possible realization of placing 6000 devices (95% Non-URLLC and 5% URLLC) uniformly distributed in the
factory area while keeping the base station (eNB) in the center of the factory.

4.2 Traffic models

As already mentioned, devices that generate URLLC and non-URLLC traffic are considered in
the factory. Correspondingly, two distinct traffic models for the FoF are defined as shown in
Table 4-2 (also see Section 1.2). This modelling is based on Table 5.3.8.1-1 and Table 5.3.8.1-
2 in [46] and Table 6.1.1 in [47].

Table 4-2 - Traffic models.

Traffi Number of
farie am 'er ° Device Density Arrival Distribution Message Size
Model Devices
non- 95% of total 1.14 devices per Uniform over 60
URLLC devices m? seconds 200 bytes
5% of total 0.06 devices per  Beta over 10 seconds
RLL 4
URLLC devices m? with a=3 and B=4 0 bytes

Most of the total traffic (95%) is expected to be of the non-URLLC type as it concerns regular
reporting by sensors while only a few devices (5%) are assumed responsible for transmitting
time-sensitive (URLLC) data as these devices will be triggered by an unexpected event. This
study is carried out with the presence of a total number of 3000 devices in the factory such
that the overall device density is 1.2 devices per m2. It is noted that a sensitivity analysis on
the network load is also carried out (see Section 5.9) in order to study the effects of lower
and higher device densities.

Devices handling non-URLLC data are expected to be generating traffic once per minute with
a randomized relative timing and therefore they were modelled to follow a uniform
distribution over 60 seconds and the message size for each transmission is fixed to 200 bytes.
For example, each device will first choose, in a uniform manner, a time-interval between 0
and 60 seconds to transmit its first 200 bytes and will then transmit new data with a
periodicity equal to 60 seconds. On the other hand, the devices handling URLLC traffic will
initiate a transmission based on an event and their message size is fixed to just 40 bytes (e.g.
conveying critical information and/or alarms). These critical events can randomly occur and
they are assumed to trigger all URLLC devices in the factory. The times of these transmissions
are modelled to follow a beta distribution [47] over a period of 10 seconds with shape
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parameters a=3 and B=4 and the Probability Distribution Function (PDF) of this distribution is
presented in Equation (4-1) and graphically in Figure 4-3:
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PDF = where B(o, B) = and I'(+) is the gamma function (4-1)
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Figure 4-3 - PDF of Beta distribution with shape parameters a=3 and 8=4 and scale parameter 10.

Naturally, the Human-to-Human (H2H) traffic can also be served on the frequency carrier (if
resources are available). However, for the simplification of the simulator, it is assumed that
all the traffic handled in the network is traffic from inside the factory and only from Cat-M1
devices, i.e. no H2H traffic is modelled. This traffic-related assumption makes it indeed
plausible that the factory has deployed an indoor base station and uses a dedicated LTE carrier
to handle the Machine-to-Machine (M2M) traffic as generated by/for the processes in the
factory. This assumption was made because the main goal of this study is to quantify and
minimize the end-to-end delay for machine type communications (MTC). Sharing the same
physical time-frequency resources between the Cat-M1 and H2H traffic can potentially
influence the results significantly, but an investigation of this effect is beyond the scope of
our study.

4.3 Propagation environment

The propagation environment in a factory is based on the materials used in the factory as
different kinds of materials can have different properties. For example, in a factory which uses
many metallic machines and objects, multiple reflections of signals can be created which can
degrade significantly or even entirely block the transmitted signal.

In this study a factory with reflective environment is studied and the modeling of such an
environment is captured in the path loss, the shadowing and the multipath fading values.
Based on [48], the Path Loss (PL) at a reference distance of 15 m (PL(do)) is 63.57 dB and the
PL exponent (n) is 3.26. The parameters PL(do) and n are used in Equation (4-2) in order to
calculate the PL value of a device based on the distance d between the device and the base
station, expressed in meters. Moreover, and based on [48], shadowing is modelled as normal
fading (in dB) with the deviation value (o) equal to 8.46 dB. It is noted that the multipath
fading is not modelled in this study due to simplifications and the 2400 MHz band is
considered.
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PL(d)[dB] = PL(dy)[dB] + 10nlog (di) [dB], where dy = 15m (4-2)
However, Equation (4-2) can only be used for distances larger than the reference distance do
as for shorter distances the model is not accurate. More specifically, 72% of the devices have
distances larger than the reference distance do and therefore for 28% of the devices Equation
(4-2) does not apply. The blue curve in Figure 4-4 depicts Equation (4-2). In order to determine
a suitable path loss model for the shorter distances for which Equation (4-2) is unsuitable,
consider for instance an example distance of 1 m between the transmitter and receiver.
Considering that the most favorable path loss for a reference distance in free space is given
by Equation (4-3), where A is the wavelength in meters, the actual path loss at a distance d =
1 m, should be at least 40.07 dB (on a 2400 MHz carrier; note that this value is also depicted
in the figure, as a starting point for a correction to the path loss curve given by Equation (4-

2)).
_ 47td,,
PL(dy)[dB] = 20log("" "%/} (4-3)

Hence the path loss equation for distances smaller than 15 m should indeed be reconsidered.
Figure 4-4, shows a linear and a logarithmic curve that can approximately describe the path
loss for short distances. Between the two curves, the logarithmic one is chosen for modeling
as it is more pessimistic than the linear one and hence leads to more conservative evaluations.
Equation (4-4) is the final equation used for path loss (for reflective environment at 2400
MHz).

d
pL(@)[aB] = |PL(@)[dB] + 10nlog (3)1@B], d = 15m s

40.07[dB] + 19.98log(d)[dB], d < 15m

Indoor Path Loss (Reflective Environment at 2400 MHz)

y = 19.98log(x) + 40.07

50k

aol L7

Path Loss [dB]

_ _ — Path Loss (Basic Formula)
10| — Linear Correctionfor d<15m
: : — Logarithmic Correction for d<15m
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Figure 4-4 - Path loss values for reflective environment at 2400 MHz.

Another aspect characterizing the propagation environment is multipath fading. Multipath
fading affects both static and mobile devices within the factory due to other objects in the
factory such as machines, employees and robots. The multipath fading induces variability in
the radio channel quality across the frequency range of the LTE carrier, although this
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variability is somewhat limited across the up to six PRBs utilized for Cat-M1 data transmission.
Additionally, it causes for variability in the time domain for static devices due to other moving
objects and for mobile devices due to both their own mobility and that of other moving
objects in the factory.

As mentioned in Section 2.2, frequency hopping among different narrowbands is mandatory
for PUCCH, PRACH and PUSCH transmissions or optional to the MPDCCH and PDSCH
transmissions for Cat-M1 communication. It is expected that the use of frequency hopping,
will eliminate the effect of multipath fading to some reasonable extend by introducing
frequency diversity and ‘averaging’ the variability of the radio channel quality in both
frequency- and time-domain for Cat-M1 communication. Consequently, to simplify the radio
channel modelling in the simulation model it has been decided to model an average channel
by taking into account only the path loss and shadowing components. This also makes the
explicit modelling and implementation of frequency hopping for the downlink and uplink Cat-
M1 communication channels unnecessary, as the effects of frequency hopping are implicitly
modelled. This study only focuses on fixed devices and frequency hopping Cat-M1
communication system and thus it is considered justified to avoid modelling the multipath
fading effects as these effects would have minimal influence on the different CE modes and
levels used in Cat-M1 communications and thus the end-to-end delay which is the main Key
Performance Indicator (KPI) of interest in this study.

4.4 Radio resource management mechanisms

The two main Radio Resource Management (RRM) mechanisms that are implemented are
uplink (UL) power control and scheduling. Both mechanisms can influence the end-to-end
delay and therefore it is important to describe these mechanisms in more detail.

441 Uplink power control

In the process of transmitting UL data while the device is in RRC IDLE Mode, the device
undergoes two different settings for its UL power. The first setting is applied for the
transmission of the preamble, in order to initiate the RA procedure, and is kept the same until
the end of the RA procedure. The second setting is applied for the transmission of the UL data
on the PUSCH after the completion of the RA procedure.

The setting of the UL transmit power for the preamble transmission in the RA procedure is
derived from Equation (4-5) for devices that are transmitting in CE level 0, 1 and 2, while the
maximum transmit power is used for devices transmitting in CE level 3 [49]. This UL transmit
power is calculated as an aggregate value over six PRBs (one narrowband) as the preamble
transmission utilizes all six PRBs. For devices that experience collisions or very poor coverage
and thus need a new RA attempt, an increase of transmit power is applied per attempt. This
increase of power is defined from upper layers and it is denoted as a ‘power ramping’ step.
Furthermore, the preamble initial received target power that is shown in Equation (4-5), is
also set by upper layers, while the preamble transmit counter is indicating how many RA
attempts were made. In case repetitions of the preamble are required, the same transmit
power will be used for all repetitions. Note from Equation (4-5), as specified in [49], that the
preamble transmit power is trying to achieve the Preamble Received Target Power (PRTP) by
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compensating for the experienced channel losses while upper bounded by the maximum
transmit power of the device.

PreambleReceivedTargetPower (PRTP) [dB] =
preamblelnitialReceivedTargetPower|[dB] + (preambleTransmitCounter — 1) *
powerRampingStep[dB] — 10 log(numRepetitionsPerPreambleAttempt)[dB]

Py [dB] = min(Pyy max[dB], PRTP[dB] + PathLoss[dB]) (4-5)

Once the device completes the RA procedure (see Figure 2-8), it determines the transmit
power of its data transmissions on the PUSCH. This transmit power is calculated per PRB as
the transmissions on the PUSCH might not require the use of all six PRBs. Devices configured
in CE Mode A calculate their transmit power per PRB based on their path loss and make use
of this transmit power if it is lower than the maximum allowable transmit power per PRB. For
devices that are configured in CE Mode B, the maximum transmit power per PRB is used. The
definition of this UL transmit power per PRB is given by Equation (4-6) [50].

. Pt W] —80+0.8xPathLoss[dB]
PRB mln(_x.mzx _,10 10 ), CE mode A
Ptx [W] = 4.6)

P““”"T‘”‘[W], CE mode B

4.4.2 Scheduling

The channels that are modelled in detail and make use of scheduling schemes are the PUCCH,
PUSCH and MPDCCH. In the downlink (DL), the PDSCH is not modelled in detail. This is driven
by the assumption that the PDSCH resources are not limiting in carrying Cat-M1 traffic and
thus the delays will not be affected by any congestion on the PDSCH, given that a dedicated
5 MHz LTE carrier is assumed to be deployed to handle the Cat-M1 traffic. This assumption in
turn relies on the assumption that no conventional H2H LTE traffic is handled in the network
and therefore the whole 5 MHz (25 PRBs) will indeed be available for the PDSCH and MPDCCH.
Itis reminded that the MPDCCH utilizes only six PRBs from the whole DL bandwidth and allows
PDSCH to utilize the remaining three narrowbands (eighteen PRBs in total).

The scheduling schemes define the order in which devices will gain access to the resources as
well as the number of PRBs that they should be assigned for their UL data transmissions on
the PUSCH. For example the scheduler is the one to decide whether to first serve a request
from a URLLC device over a request from a non-URLLC device. For each one of the above-
mentioned channels, a description of the scheduling scheme used is provided below. It is
important to note that in Cat-M1, which is used as the reference scenario, there is no
distinction between the URLLC and non-URLLC devices, in any channel, and thus all devices
are treated in the same way.

4.42.1 PUCCH

Refer back to Figure 2-8 to understand in detail all the messages that are exchanged between
the device and the base station. From this figure it is clear that the PUCCH is only used for the
Scheduling Requests (SRs). Moreover, as mentioned in Section 2.2.1.1, one PRB per TTl is
available for the SRs in PUCCH and thus all devices that need to transmit an SR have to
compete for that one PRB. However, no congestion is expected on the PUCCH as it is used
after the RA procedure. Therefore, a simple First-Come First-Served (FCFS) approach is used
for the scheduling.
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4.4.2.2 PUSCH

The scheduling of PUSCH resources among the different devices is also done according to a
FCFS scheduling discipline for simplicity reasons. However, as multiple PRBs are available in
the PUSCH, multiple devices can transmit their data in the same Transmission Time Interval
(TTI). The number of devices that can transmit simultaneously depends on the number of
PRBs that each device needs for its transmission.’ Moreover, the PRBs assigned to a device
should be allocated within the same narrowband. It is noted that the scheduler always tries
first to assign resources on narrowbands which are already meant to be used by other devices,
before choosing to allocate resources in a different narrowband. An example illustrating this
behavior follows.

Consider a PUSCH comprising twelve PRBs and thus two narrowbands; narrowband A
and B. A device in the network already reserved four PRBs in narrowband A and another
device reserved three PRBs in narrowband B. In the scenario where a third device needs
to be assigned four PRBs, it will have to wait until the next TTI as there are available only
two PRBs in narrowband A and three PRBs in narrowband B.

The number of PRBs that each device is assigned for its UL transmission, is determined by the
base station and is based on the measured SINR at the base station. The procedure which
illustrates the method used is discussed below and depends on the transmit power and the
size of data. Therefore, there is a slight difference in the PRB assignment for the RA procedure
(Msg.3), for the transmission of Msg.5 (RRC Connection Setup Complete message in Figure
2-8) and for the actual data transmission.

For Msg.3, the device transmits with the same power as it used for the preamble. However,
the preamble power is defined for a transmission within six PRBs and the Msg.3 transmission
might need a different number of PRBs as the size of this message is only six bytes in Cat-M1
[51]. Therefore, the transmit power per PRB is defined based on the transmit power of
preamble from Equation (4-7). Moreover, based on the transmit power per PRB, an
estimation of the SNR per PRB can be made based on Equation (4-8), which will then indicate
the appropriate TBS index as shown in Figure 4-5.1° For the Msg.3 transmission it is noted that
devices in CE Mode A can use a maximum of TBS index seven while for devices in CE Mode B,
the maximum TBS index is four. Furthermore, for the calculation of the SNR per PRB it is
assumed that there is no interference as we consider a single-cell factory environment. This
can possibly lead to a matching of a higher MCS and thus a higher TBS compared to
environments where interference is assumed. Consequently, the probability of an error
during a transmission on the channel will be higher than when using a shorter TBS and
therefore the transmission might be unsuccessful.

preamble

max
PERBIW] = min(e—] P — ) .
—CouplingLoss[dB]
pre _ PEFBIwlx10— 10
SNR N No[W/Hz]*NF*BW[Hz] (4-8)

9 The maximum number of PUSCH PRBs that a device can be assigned is six.

10 The method used for creating this figure is described in Appendix A .
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TBS Index based on SNR for BLER < 10%
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Figure 4-5 - TBS index indication based on SNR.

After the TBS index assignment, the TBS can be read from Table 4-3 for one PRB. In case the
TBS is not big enough to transmit the data, the transmit power, SNR, TBS index and TBS will
be re-calculated for a two-PRB transmission or transmission using even more PRBs, until the
lowest number of PRBs is found that can convey the full message.

Table 4-3 - Matching of TBS index (Irss) with the TBS based on the number of PRBs (Npgs) as presented in Table 7.1.7.2.1-1 in
[50].

N PRB

1 2 3 4 5 6
16 32 56 88 120 152
24 56 88 144 176 208
32 72 | 144 | 176 208 256
40 | 104 | 176 | 208 256 328
56 | 120 | 208 | 256 328 408
72 | 144 | 224 | 328 424 504

328 | 176 | 256 | 392 504 600
104 | 224 | 328 | 472 584 712
120 | 256 | 392 | 536 680 808
136 | 296 | 456 | 616 776 936
10 144 | 328 | 504 | 680 872 | 1032
11 176 | 376 | 584 | 776 | 1000 | 1192
12 208 | 440 | 680 | 904 | 1128 | 1352
13 224 | 488 | 744 | 1000 | 1256 | 1544
14 256 | 552 | 840 | 1128 | 1416 | 1736

ITBS

OO (N[~ |W|N|F O

For the transmission of Msg.5 as well the actual data transmission, the same method is used
to derive the appropriate number of PRBs with the only difference that the transmit power is
defined per PRB as shown in Equation (4-6), and hence Equation (4-7) is not needed.
Furthermore, the data is appended to Msg.5'! in order to achieve a shorter delay in Cat-M1.
However, the maximum TBS that can be achieved for a specific device using six PRBs may not
be high enough to fully transmit both the Msg5 and the UL data at once. In this case, the
maximum allowed TBS is used such that most of the data will be transmitted and then the
device requests another UL grant in order to transmit the remaining data. This process carries

1 The size of Msg.5 is considered in average equal to one byte based on [57].
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on until all data is sent. Finally, for this kind of data transmissions, devices in CE Mode A can
be assigned a maximum TBS index of 14 while for devices in CE Mode B, the maximum TBS
index is equal to 9.

4.4.2.3 MPDCCH

As already presented in Figure 2-8, the MPDCCH channel is used before the RAR message,
Msg.4 and any UL transmission on PUSCH that occurs after the RA procedure. Due to the
limited resources given to the MPDCCH, differentiated scheduling is carried out based on
what message will follow (RAR message, Msg.4 or Msg.5/UL data).

First, priority is given to the signaling within the RA procedure and therefore to the RAR
message and Msg.4, considering that the device will initiate a new RA attempt if it does not
receive an answer from the base station within a specific time interval (RAR window).
Moreover, between those two message types, further priority is given to the signaling of the
RAR message as the RAR window is shorter than the contention resolution window and thus
it affords less delay. For example, for the ‘EDT for All Devices’ procedure presented in Section
3.1.3, shorter RAR window applies to URLLC devices compared to Cat-M1 and therefore
scheduling on the MPDCCH can affect the performance of URLLC devices. Finally, after the
scheduling of all the signaling regarding the RA, the UL grants are scheduled. It is also
important to note that for the procedures that do not apply priority to URLLC over non-URLLC
traffic (i.e. the reference RA procedure in Cat-M1 and the ‘EDT based on 3GPP Release 15’
procedure), no differentiation on the MPDCCH scheduling is done between the two types of
traffic. For example, if a URLLC and a non-URLLC transmission need a DL signaling for the RAR
message on the MPDCCH, they will be served in a FCFS fashion.

4.5 Configuration of Cat-M1 system

As already mentioned, Cat-M1 supports deeper coverage by introducing four different
coverage enhancement (CE) levels that use different power control and numbers of
repetitions of messages. Therefore, the thresholds that distinguish the CE levels should be
defined as well as the configuration of the number of repetitions of each CE level.

45.1 Definition of coverage levels

Based on [45], a coverage analysis (link budget analysis) is carried out to define the number
of repetitions required to support an increase of the Maximum Allowable Coupling Loss
(MACL), in order to achieve the more ambitious coverage targets of Cat-M1 using LTE as a
baseline. Based on [45], the target MACL for the Cat-M1 system is 160.0 dB when less
conservative noise figures and devices supporting 23 dBm transmit power are used. Table 4-4
presents the MACL that is allowed per channel (baseline MACL), as also defined for LTE and
the higher target MACL for Cat-M1 (target MACL). This difference between the baseline MACL
(for LTE) and the target MACL (for Cat-M1), will be achieved by repeating the different
messages multiple times. The analysis in the table assumes a six PRB assignment for PUSCH
and PDSCH, noting that it is also possible that fewer PRBs are assigned. Since the available
transmission power budget needs to be split over the assigned PRBs, the use of fewer PRBs
(provided that they suffice to convey the data) will lead to a higher baseline MACL and thus a
lower number of repetitions will be required to achieve the target MACL.
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Table 4-4 - Coverage Analysis for Cat-M1 CE Level 3.

CHANNEL PUCCH PRACH PUSCH PDSCH MPDCCH

Transmitter

(0) Max Tx Power [dBm] 23.0 23.0 23.0 36.8 36.8
(1) Power in channel bandwidth 3.0 3.0 3.0 30.8 30.8
[dBm]

Receiver

(2) Thermal noise density

[dBm/Hz] 174 174 174 174 174
(3) Receiver noise figure [dB] 3 3 3 5 5

(4) Occupied channel bandwidth
[Hz]

(5) Effective noise power = (2) +
(3) + 10log((4))

180000 | 1080000 | 1080000 1080000 | 1080000
-118.4 -110.7 -110.7 -108.7 -108.7

(6) Required SNR [dB] 7.8 -10.0 -4.3 0.0 0.7

(7) Receiver sensitivity = (5) + (6)

-126.2 -120.7 -115.0 -108.7 -109.4
[dBm]

(8) Baseline MACL = (1) - (7) [dB] =~ 149.2 143.7 138.0 139.5 140.2

(9) Target MACL 160.0 160.0 160.0 160.0 160.0

As mentioned, the target MACL for Cat-M1 is 160.0 dB which implies that devices with CL
higher than 160.0 dB will be considered in outage and therefore 160.0 dB can be defined as
the MACL for devices in CE level 3, which is the worst CE level in terms of coverage. It is noted
that for this particular study, the CL for each device is measured based on the path loss,
shadowing and antenna gains. Additionally, a MACL for the other CE levels should be defined.
The smallest and hence most demanding baseline MACL among all channels is derived from
the PUSCH while using six PRBs and it is equal to 138.0 dB, based on Table 4-4. This most
demanding baseline MACL is defining the target MACL for the best CE level (CE level 0) as
typically in CE level 0 no repetitions should be needed and hence no gain is achieved. Given
that two more target MACL should be defined (for CE levels 1 and 2) the range between 138.0
dB and 160.0 dB is split to three intervals and therefore the two target MACL were chosen as
145.0 dB and 152.0 dB for CE level 1 and CE level 2 respectively such that the intervals will be
almost equal. Table 4-5 shows the CL ranges that are allowed in each CE level and therefore,
devices can choose their CE level based on their experienced CL and the target MACL of each
CE level.
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Table 4-5 - Target MACL for each CE level.

CE Level Target MACL [dB]

0 138.0
1 145.0
2 152.0
3 160.0

Within each CE level, a number of repetitions per channel should be set such that the received
SNR will be increased and thus the target SNR based on the target MACL of that channel and
CE level is met. In order to quantify how many repetitions should be used per channel and CE
level, the baseline MACL (MACL defined for the scenario with no repetitions and also used in
LTE) and the CE level’s target MACL should be compared, as it is known from [45] that
doubling the repetitions of a message will result in 3.0 dB coverage gain. For example, for the
PRACH a baseline MACL of 143.7 dB (as in LTE) applies but the target MACL for CE level 1 is
145.0 dB. Therefore, a coverage gain of 1.3 dB is required which in practice will be achieved
by transmitting the PRACH preamble multiple times; for this case specifically, two
transmissions (i.e. one fresh transmission and one repetition) of the preamble are sufficient.
Therefore, devices that experience high CL, should use repetitions in order to boost their SNR
and thus compensate for the higher coupling loss and still achieve the required SNR at the
base station. The derivation of the required number of repetitions'? per channel and per CE
level is shown in Table 4-6.

Table 4-6 - Definition of repetitions per channel and CE level in Cat-M1.

PUCCH PRACH PUSCH PDSCH MPDCCH

Baseline MACL [dB] 149.2 143.7 138.0 139.5 140.2
Target MACL [dB] 138.0 138.0 138.0 138.0 138.0
CE level O Required Gain [dB] 0.0 0.0 0.0 0.0 0.0
Required Repetitions 0 0 0 0 0
Target MACL [dB] 145.0 145.0 145.0 145.0 145.0
CE level 1 Required Gain [dB] - 1.3 7.0 5.5 4.8
Required Repetitions 0 1 7 3 3
Target MACL [dB] 152.0 152.0 152.0 152.0 152.0
CE level 2 Required Gain [dB] 2.8 8.3 14.0 12.5 11.8
Required Repetitions 1 7 31 31 16
Target MACL [dB] 160.0 160.0 160.0 160.0 160.0
CE level 3 Required Gain [dB] 10.8 16.3 22.0 20.5 19.8
Required Repetitions 15 63 255 127 127

After this configuration of the CE levels, a short analysis is now presented in order to estimate
how many devices will correspond to each CE level based on the network topology and

12 The total number of message transmissions is one plus repetitions as the original message is not included in
the number of repetitions.
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propagation environment that is considered for the FoF scenario investigations. For this
analysis, results from 100 snapshots are considered, where in each snapshot 3000 devices are
uniformly distributed in the 50 m x 50 m area of the factory. The Cumulative Distribution
Function (CDF) of the CL values is shown in Figure 4-6 and it is clear that all devices will be in
CE level 0 as the highest experienced CL observed in the network is 90 dB. This behavior can
be explained by the placement of the base station indoors, as indoor placement offers better
coverage than outdoor placement, as well as by the small distances between the devices and
the base station (the maximum distance, in this scenario, between a device and the base
station in 71 m). Furthermore, recall that the CL in this study is measured based on the path
loss, shadowing and antenna gains and that the multipath fading is ignored, something that
would have contributed to the coupling loss.

Coupling Loss CDF
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Figure 4-6 - CDF of coupling loss based on 100 simulations with 3000 devices.

45.2 PRACH

For each one of the CE levels, the PRACH parameters can be configured differently (see
Section 2.2.1.2). However, as all devices will be configured in CE level 0, the PRACH
configuration will only concern this CE level. The parameters are defined in the following way:

e PRACH Frequency Offset: One random narrowband in the UL carrier of 5 MHz.

e Maximum Repetitions per Preamble: Based on Table 4-6, the preambles need to be
transmitted just once.

e PRACH Starting Subframe: As the maximum repetitions per preamble is equal to one,
the starting subframe can also be configured to one. This means that in every PRACH
subframe, a new PRACH attempt can be done.

e Preamble Range: As mentioned in Section 4.2, no Human-to-Human (H2H) LTE traffic
will be modeled and thus no preambles need to be assigned for H2H traffic. Therefore,
all available preambles (1-64) can be used for Cat-M1.
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Maximum Number of Preamble Attempts: It is configured to its minimum value, i.e.
three attempts. Increasing the number of attempts would linearly increase the delay,
which is undesirable as the goal of the study is to have low random access delay.
Random Access Response Window: It is configured to its minimum value (20 ms) as
the aim of this study is to achieve low delay and thus there is no need in having a larger
value.

Contention Resolution Timer: It is configured to its minimum value (80 ms) which is
already long enough compared to the goals of this project.

PRACH Configuration Index: This parameter defines the periodicity of the PRACH
subframes. The tuning of this parameter involves a trade-off between the utilization
of UL resources and the probability of preamble collision. A good configuration of the
PRACH periodicity can be considered to be one which allows a maximum of 1%
collision probability, on average, as otherwise the end-to-end delays and outage
percentages will be high. It is noted that for the end-to-end delay performance
targeted for URLLC devices, a collision probability of 1% can be considered high.
However, at this point of the study, the network is configured based on the aggregated
number of devices in the network and therefore the initial configuration is mostly
based on non-URLLC traffic, which is the most common traffic of the network. In order
to study the effect of the PRACH periodicity on the performance of the URLLC devices,
an analysis in carried out in Section 5.8. Equation (4-9) shows an approximation of the
average collision probability (as presented in [52] based on the definition of 3GPP in
[47]) for uniform preamble arrival distributions, which is the arrival distribution
followed by non-URLLC traffic in this study. In the numerator the number of preamble
generations per second is given while the denominator contains the number of RA
Opportunities (RAO) per second. The RAO is defined as the product of the total
number of available PRACH preambles and the PRACH periodicity within a radio frame
of 10 ms (i.e. there are in total 100 radio frames in one second).

. #User arrivals / second .
Preotision = mln( ) 1) = min(

#RAO /[ second

#Users in network / 60
#PreamblesxPRACH periodicity*100’

1)(4-9)

From Equation (4-9) it is observed that to keep the probability of collision below e.g.
1% the PRACH periodicity (number of PRACH subframes in a radio frame) should be
configured based on the network load. In this study, 3000 devices will be present in
the network (see also Section 5.1) and therefore for a 1% probability of collision, the
PRACH periodicity should be set to one according to Equation (4-9). However, because
URLLC traffic follows a beta distribution, Equation (4-9) does not apply to URLLC traffic
and in fact a higher collision probability should be expected. It was therefore decided
to set the PRACH periodicity to two.

4.6 Simulation flow

For the generation of statistically reliable simulation results, the short-term dynamic
simulation method is used, where different snapshots are generated and simulated for a short
time period. The length of this short time period is an important aspect as all devices will have
to complete their UL data transmission within that period. This requires that each snapshot
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has a duration of at least 60 seconds, which is the period for the generation of the non-URLLC
traffic. After the expiration of the 60 seconds, the traffic generation and transmission
continues (i.e. the contention for Cat-M1 resources continues), but the end-to-end delay
statistics are based only on the UL data that were generated within the first 60-second time
interval. This implementation is selected in order to avoid the edge effect in the end-to-end
delay performance after the expiry of the first 60 seconds. It is also noted that the event which
triggers the generation of URLLC traffic, can randomly occur only within the first 50 seconds
and the URLLC devices react to this event within a time interval of 10 seconds.

In each one of those snapshots, the location of the devices within the factory as well as their
experienced shadowing loss is randomly sampled. In this way, the overall simulation results
are based on many different device locations and not only on one specific and fixed location
scenario. The choice of not using a fixed location scenario for all snapshots was based on the
fact that conclusions should not be drawn upon a specific factory layout but for a more
general scenarioi.e. all factories of 50 m X 50 m size. Moreover, in each snapshot, every device
chooses to transmit its UL data in a different time within the 60 seconds interval such that the
final results will be applicable to an even more generalized scenario. With this approach, the
conclusions of this study are applicable to factory layouts with similar sizes and placement of
the base station as in this study and are uncorrelated from a specific data arrival pattern.
Figure 4-7, illustrates the simulation process with the use of snapshots.

The simulation process shown in Figure 4-7 is applied for the evaluation of the RA procedure
in Cat-M1 as well as the new RA procedures for 5G networks. Moreover, the number of
snapshots that are needed in order to achieve the required reliability is directly correlated
with the number of samples for the Key Performance Indicator (KPI) of interest (i.e. the
number of devices in the factory). The method of calculating the minimum number of
snapshots needed is illustrated through the following example.

From the definition of the URLLC traffic it is derived that the end-to-end delay should be
guaranteed with 99.99% reliability as defined from the requirements of this thesis. In
order to be able to achieve a meaningful estimation of the 99.99" end-to-end delay
percentile for URLLC traffic, at least 10000 samples are needed. However, URLLC devices
are only 5% of the total number of devices and thus in a network of 3000 devices, we
can getonly 150 samples. Therefore, it is needed to have at least 67 snapshots to achieve
the required number of 10000 samples.

In practice, a multiple of this minimum number of snapshots should be used in order to
achieve a meaningful statistical confidence (e.g. a sufficiently narrow 90% confidence interval
(see Section 5.1.2) in the derived estimate for the end-to-end delay percentile. An exact
number of needed snapshots to achieve a high statistical confidence cannot be derived as it
can vary between different system configurations (e.g. between Cat-M1 and 5G scenarios).
Therefore, the confidence intervals are constructed continuously until the target confidence
is achieved.
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Figure 4-7 - Overview of the simulation process.
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Chapter 5 Random access assessment

In this chapter, the assessment of the RA procedure for Cat-M1, the EDT procedure and the
two-step RA procedure is presented. More specifically, the assessment is carried out from the
generation time of the data at the device until their correct reception at the base station and
thus the combination of the RA procedure and the UL data transmissions is assessed. Section
5.1 first presents the assessment methodology, followed by the quantitative assessment of
the reference case of Cat-M1 in Section 5.2. Sections 5.3 and 5.4 then present the evaluation
of the EDT procedures ‘EDT based on 3GPP Release 15’ and ‘EDT for All Devices’ 3
respectively. Subsequently the evaluation of the ‘Two-Step RA procedure with Repetitions’
and the ‘Two-Step RA procedure with Feedback’ is presented in Sections 5.5 and 5.6
respectively. An overall comparison of all RA procedures is presented in Section 5.7. Further
analyses are then presented for the deemed best RA procedure, which is the two-step RA
procedure (either with repetitions or feedback). For this solution, Section 5.8 presents a
sensitivity analysis w.r.t. the configured PRACH periodicity, while Section 5.9 presents a
sensitivity analysis w.r.t. the network load, assuming an optimized configuration of the PRACH
periodicity of the two-step RA procedure. Finally, Section 5.10 discusses the effect of the data
size data used in this study on the results and Section 5.11 concludes the chapter with a
summary of the main results.

5.1 Introduction

The assessment of the RA procedures presented in Sections 5.2 to 5.8 is carried out for a
network load given by the presence of 3000 devices in the network, 95% of which are non-
URLLC devices and 5% are URLLC devices. With this configuration, the requirement of having
at least one device per m? (see Section 1.2) is met. The different RA procedures are evaluated
and compared in terms of the achieved end-to-end delay performance and the induced UL
resource utilization. The Key Performance Indicators (KPIs) used for the assessment phase are
defined in Section 5.1.1, while the methodology used to calculate the confidence intervals of
the end-to-end delay percentiles is presented in Section 5.1.2.

5.1.1 KPIs

The main focus of this study is to design a RA procedure which guarantees end-to-end delays
with specific reliabilities to non-URLLC and URLLC devices. Therefore, the main KPI of this
study is the end-to-end delay matched with a reliability value. The end-to-end delay is defined
as the time interval from the generation of the data at the device until their successful
reception at the base station.

In order to derive this KPI, covering aspects of both end-to-end delay and reliability, the
Cumulative Distribution Function (CDF) of the end-to-end delay is calculated. More
specifically, the 99.9t" and the 99.99% percentile of the end-to-end delay are selected as the
KPIs for non-URLLC and URLLC devices, respectively. For completeness and easier comparison

13 The ‘EDT with Priority and Shorter Windows’ procedure, discussed in Section 3.1.2, is not assessed as it is
integrated in the ‘EDT for all devices’ procedure.
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of the delay performance among the two types of devices, the 99.9™ and 99.99t" delay
percentiles will be calculated for both device types. Moreover, the median (50t percentile)
of the end-to-end delay is also presented for both types of devices in order to evaluate and
indicate how challenging it is to guarantee end-to-end delay with such high degrees of
reliability.

Another KPI used for the assessment of the RA procedures, is the utilization of the UL
resources. The UL resource utilization is defined as a fraction of the available time-frequency
resources that are used. It is noted that resources are considered as used when they are
unavailable to conventional LTE traffic, meaning that resources which are reserved but are
not used for an actual data transmission are still considered as used. Quantifying the UL
resource utilization is important as some newly designed RA procedures may trade resource
efficiency for enhanced end-to-end delays and this trade-off needs to be quantified, since the
procedures should not have significantly higher UL resource utilization than that achieved by
the reference Cat-M1 RA procedure. Furthermore, the UL resource utilization is a useful KPI
to quantify the effects from different PRACH periodicity for a given RA procedure.

5.1.2 Confidence intervals for the end-to-end delay KPI

In order to indicate the degree of statistical confidence in the calculated KPIs, the calculation
of Confidence Intervals (Cl) is needed around the desired 99.9% or 99.99% end-to-end delay
percentiles. For the mean value [53] [54] (rather than a percentile), the Cl is calculated from
the N KPl samples (X1, X2, ..., Xn) obtained over the various simulation snapshots assuming a
standard normal distribution of the N samples around the ‘calculated’ average KPI value X, as
shown in Equation (5-1).

- s - s
X_Z%\/_W<M<X+Z%\/_ﬁ (5-1)

In Equation (5-1), M is the unknown true value of the KPI, S is the standard deviation over the
N KPl samples, and Za« can be calculated from the standard normal distribution as a is defining
2

the probability in each tail of the distribution. An example is shown in Figure 5-1 where a

defines that the probability in each tail should be 0.025 as a = 0.05, which will therefore

provide a Cl of 95% on the mean value and thus Za = Z) 5,5 #1.96 should be used in equation
2

(5-1) in order to define the limits of the Cl.
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Figure 5-1 - Confidence interval of 95% for an average KPI value [54].
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However, the end-to-end delay KPI is not a mean value but rather the end-to-end delay
coupled with a reliability percentage (e.g. 99.9% or 99.99% reliability), and therefore
calculating the confidence interval of the 99.9t" or 99.99% percentile of the end-to-end delay
requires a slightly different approach, as follows [55].

First, the N samples from the end-to-end delay are sorted in ascending order (Y3, Y, ..., V),
Yie1, ..., Yj ..., Yn). Actually, these samples are used to calculate the empirical CDF of the end-
to-end delay as illustrated in Figure 5-2. Figure 5-2 also presents how the 99.9t and 99.99t
end-to-end delay percentiles can be extracted from the CDF and highlights how challenging it
is to measure Cl for such high percentiles as the values of the samples around the percentile
can vary significantly (especially for the 99.99% percentile).

1.0000 —
0.9995]-
0 0.9990 |
o
0.9985/-
0.9980 I L L L L
65 70 75 80 85 90

Delay [ms]

Figure 5-2 - Example CDF of end-to-end delay and the corresponding 99.9" and 99.99"" percentiles.

Then, and as previously, a is defining the probability in each tail of the distribution (e.g. a =
0.10) and thus the targeted end-to-end delay percentile (T) is lying between sample-based
percentiles Yi and Yj, as in Equation (5-2) with probability 1-a (e.g. 0.90). The samples (Y, ...,
Y;) around the estimated delay percentile T (given by sample Y;) are assumed normally
distributed with mean (i) and variance (o) and can be calculated from Equation (5-3), where
p is the targeted cumulative probability density value (e.g. 0.999 or 0.9999). From Equation
(5-4), where Za can be calculated as previously, the indexes of the lower and upper samples
2

Yiand Y; can be calculated that will define the CI.

1-a=PlY;<T< Y (5-2)

u = Np,a? =Np(1l-p) (5-3)

i=Uu—Zao, j=Uu+_Zao (5-4)
2 2

A numerical example is presented below, which illustrates the calculation of the 90% Cl of the
99.9%" percentile, based on 5 million samples (N = 5 000 000). The CDF along with samples
that define the estimated end-to-end delay value and the Cl are presented in Figure 5-3.

1. Al 5 million samples are sorted in ascending order (Y3, Ya, ..., Vi, ..., Y7, ..., Y, ...Yn).
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2. Theindex of the 99.9t" delay percentile can be calculated from u=5000000 * 0.999 =
4995000 and its corresponding estimated delay value is T = Yag95000 = 65.08 ms.

3. The samples around this percentile follow a normal distribution with given u =
4995000 and ¢ = V4995000 * 0.001 = 70.68 m:s.

4. Assuming a normal distribution for the samples around the desired end-to-end delay
percentile, the 90% Cl implies that the probability at the tails of the distribution is a =
0.1. Therefore, it is calculated that Za = Z; ;5 = 1.68.

2

5. The lower index of the CI can then be derived from sample i = 4995000 — 1.68 *
70.68 = 4994881 with corresponding delay value Y; = Yago4881 = 65.02 ms.

6. Theupperindex of the Cl can be derived from sample j = 4995000 + 1.68 * 70.68 =
4995119 with corresponding delay value Y = Yages119 = 65.16 ms.

7. Hence the Cl of the 99.9t" end-to-end delay percentile is [65.02, 65.16] ms.

A similar example can be derived for the calculation of the Cl of the 99.99% percentile. In that
case, the index of the 99.99% delay percentile is given by u = 4999500 with corresponding
end-to-end delay value T = Yigsso0 = 66.94 ms and the standard deviation o =
V4999500 * 0.0001 = 22.35. Therefore, the two samples, which determine the ClI, are
samples i =4999462 and j = 4999538 with corresponding delay values Y; = Yag90462 = 66.90 ms
and Yj = Yaoees3s = 66.99 ms. Hence the Cl is of the 99.99%" end-to-end delay percentile is
[65.90, 66.99] ms.

It is noted that with this approach of calculating the Cl, the distance of the lower and upper
bounds from the Cl center value might differ significantly and lead to an asymmetric CI. Figure
5-2 presents an example of a CDF which might lead to such a Cl for the 99.99* percentile as
the end-to-end delay samples around this end-to-end delay percentile vary significantly.

0.9994 - .

0.9992 .

& 0.9990 | Y1995119 -
=] / —_—
T =Y 4995000

Y 4994881
0-9988 90% Confidence Interval |
< >
0.9986 | |
65.00 65.05 65.10 65.15 65.20

Delay [ms]

Figure 5-3 - Part of a CDF for the calculation of the 90% Cl of the 99.9"" end-to-end delay percentile.
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In this study it was chosen to set the confidence level at 90% (and thus o = 0.10) and not to a
higher (e.g. 95% or 99%) value as for a higher Cl at the 99.9%" or 99.99% end-to-end delay KPI
percentile, more samples (and thus snapshots) are required, which implies longer simulation
times.

5.2 Cat-M1

This section presents the performance evaluation of Cat-M1 as the reference scenario. Figure
5-4, illustrates the end-to-end delay for the 50" (median), the 99.9" and the 99.99t
percentiles for non-URLLC devices on the left and for URLLC devices on the right as well as the
corresponding Cl for each percentile. Also, the grey dashed lines illustrates the requirements
set for the 99.9%" percentile for non-URLLC devices and the 99.99% percentile for URLLC
devices.

For both non-URLLC and URLLC devices it appears that the median and the 99.9™ percentile
have the same end-to-end delay. The value of the median is calculated for both types of
devices at around 40 ms (39.9 ms and 40.1 ms for non-URLLC and URLLC devices respectively)
which is a value in accordance with the discussion in Section 2.4 assuming that devices
established a connection during their first access attempt. Table 5-1 shows the probability of
the number of access attempts required such that a device will establish connection to the
network and illustrates that for more than 50% of the time both non-URLLC and URLLC devices
indeed experienced no collisions and established a connection with base station during their
first access attempt. Furthermore, it is observed that the end-to-end delay calculated for the
99.9% percentile is around 25 ms higher than the median. This increase of 25 ms is introduced
due to devices that failed to connect during their first access attempt and thus they had to
wait until the RAR expiry (20 ms) in order to restart the RA procedure and make a second
access attempt.

End-to-End Delay for non-URLLC Devices End-to-End Delay for URLLC Devices
100 100
Wmm 50th Percentile mmm 50th Percentile
99.9th Percentile 99.9th Percentile
99.99th Percentile 99.99th Percentile
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Figure 5-4 - End-to-end delay for Cat-M1 for non-URLLC devices (left) and URLLC devices (right).

In Cat-M1, there is no differentiation between non-URLLC and URLLC devices and this is the
reason why the median and the 99.9t" percentile are the same for the two types of devices.
Additionally, the similarity of these delay percentiles between the two types of devices is due
to fully transmitting the UL data along with Msg.5, as discussed in Section 2.3. However, the
two types of devices make use of a different traffic model and the result of this difference is
reflected in the 99.99™ percentile.
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In contrast to the 50" and the 99.9t" percentile, the 99.99t" end-to-end delay percentile is
different for non-URLLC and URLLC devices. It can be derived that the 99.99t" end-to-end
delay percentile of non-URLLC devices is influenced only by devices that established
connection during their second access attempt while for URLLC devices it is influenced by
devices that had either two or three access attempts. This outcome is considered reasonable
as the non-URLLC arrivals follow a uniform distribution while the URLLC arrivals follow a beta
distribution. Therefore, the arrivals of URLLC transmissions are more clustered than the non-
URLLC arrivals which implies a higher probability of preamble collision and consequently a
higher number of access attempts. More specifically, Table 5-1 illustrates that the probability
of having three access attempts is about two times higher for URLLC devices than for non-
URLLC devices. Table 5-1 also shows that non-URLLC devices have one or two access attempts
99.9938% of the time while URLLC devices experience one or two access attempts just
99.9869% of the time, something that is reflected in the 99.99" end-to-end delay percentile.
Recall that after three failed access attempts, the device is considered in outage.

Table 5-1 - Probability of access attempts required for non-URLLC and URLLC devices based on simulations.

Number of Access Attempts non-URLLC devices URLLC devices
One 99.6530% 99.4857%
Two 0.3408% 0.5012%
Three 0.0062% 0.0131%
Outage 0.0000% 0.0000%

From Figure 5-4 it is also observed that the Cl for the end-to-end delay for the URLLC devices
is 20 ms wide which highlights that the 99.99%" percentile is the breaking point on the CDF,
where devices can either have two or three access attempts. The sample, which determines
the 99.99t" end-to-end delay percentile, has the estimated delay value Y4955 = 80.0987 ms,
and it is correlated with a device that had two access attempts.'* 24 samples were needed to
form the targeted 90% Cl around the estimated delay value. Thus, the lower part of the Cl
was calculated from 12 samples with values in the range of 68.8607 ms to 79.7765 ms and all
of these values are correlated to devices that had two access attempts.'> The upper part of
the ClI was also calculated from 12 samples but with values in the range of 87.1127 ms to
89.5010 ms and all of these values are correlated to devices that had three access attempts.
In contrast to the Cl for URLLC devices, the Cl for non-URLLC devices was constructed from 98
samples around the estimated delay with values within the range of 67.9143 ms to 67.9804
ms and all of these values are correlated to devices that had two access attempts. Both results
are in accordance with the values presented in Table 5-1.

14 Note that from the total N = 9 000 000 samples used only 5% (or 450 000) are from URLLC devices. In order to
calculate the index of the 99.99"" percentile we have p = 450000 * 0.9999 = 449955,

15 The standard deviation is ¢ = v449955 * 0.0001 = 6.71 so we have 1.68*6.71 = 11.27 and thus 12 samples
below and above the 99.99% delay sample.
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5.3 EDT based on 3GPP Release 15

The use of the EDT procedure requires that the preambles are split into two groups; one for
non-URLLC devices and one for URLLC devices, as explained in Section 3.1.1. In order to derive
the optimal split of preambles, a preamble analysis needs to be carried out and the
corresponding results are presented in Figure 5-5, where the preamble split on the horizontal
axes (e.g. 34/30) refers to the number of available preambles for the non-URLLC (e.g. 34) and
URLLC (e.g. 30) transmissions. It is here noted that end-to-end delay percentiles that appear
with 100 ms end-to-end delay (or more), are considered to have infinite end-to-end delay as
the devices correlated to that percentile are in outage. Such example is the 99.99% end-to-
end delay percentile for non-URLLC with preamble split 9/55, in Figure 5-5. This indication of
outage is used for the rest of the study.

End-to-End Delay for non-URLLC Devices End-to-End Delay for URLLC Devices
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Figure 5-5 - Preamble analysis for ‘EDT based on 3GPP Release 15” for non-URLLC devices (left) and URLLC devices (right).

The preamble analysis in Figure 5-5 illustrates the impact of different preamble splits to the
end-to-end delay and it can be derived that the preamble split 29/35 can be considered a
good performing split. This conclusion is based on the fact that the 99.99* end-to-end delay
percentile of URLLC devices improves with this split compared to split 34/30 and does not
improve further when reserving more preambles for URLLC transmissions. Furthermore,
reserving 30 preambles for URLLC devices, introduces an uncertainty (i.e. a large CI
represented by the vertical black line over the green bar in right graph in Figure 5-5) as the
99.99%™ percentile is influenced by devices that used two or three access attempts and
therefore it is not chosen as the optimal split. This behavior is also illustrated in Table 5-2
which shows that 99.9883% of the time a device will have one or two access attempts for split
30 while for split 35, this percentage increases to 99.9926%. It is noted that preamble split
29/35 might not be the truly optimal split as the optimal number of preambles reserved for
URLLC transmissions can in principle still lie in the interval of {31,...,35}. However, based on
the results we expect that the end-to-end delay will not vary significantly between the truly
optimal split and the selected (possibly even optimal) split 29/35.
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Table 5-2 - Probability of access attempts required for URLLC devices when reserving 30 and 35 preambles for URLLC
transmissions in the ‘EDT based on 3GPP Release 15’ procedure.

Number of Access Attempts Split 34/30 Split 29/35
One 99.6255% 99.6773%

Two 0.3628% 0.3153%

Three 0.0117% 0.0074%

Outage 0.0000% 0.0000%

Figure 5-6, presents the results of the preamble split 29/35 for the ‘EDT based on 3GPP
Release 15’ procedure (labelled as ‘EDT 3GPP’) along with the results obtained in the ‘Cat-M1’
procedure, and thus combines results shown in Figure 5-4 and Figure 5-5. Figure 5-6 also
presents with dashed lines the end-to-end delay requirements defined for non-URLLC and
URLLC devices. The negative impact of the ‘EDT based on 3GPP Release 15’ procedure and
the applied preamble split on the performance of non-URLLC devices can be observed for the
corresponding 99.99t" end-to-end delay percentile, which is now increased to 91 ms (from 68
ms at ‘Cat-M1’) as a result of more non-URLLC devices having three access attempts instead
of two compared to ‘Cat-M1’. This behavior is a result of the increased preamble collision
probability as the lower number of preambles that are now available for non-URLLC devices
(when compared to ‘Cat-M1’) are causing more preamble collisions and thus more
retransmissions. More specifically, and according to Table 5-3 (where ‘EDT based on 3GPP
Release 15 is labelled as ‘EDT 3GPP’), the probability of having one or two access attempts
decreases from 99.9938% (at ‘Cat-M1’) to 99.9690% (at ‘EDT based on 3GPP Release 15’) and
the probability of having three access attempts is almost five times higher for ‘EDT based on
3GPP Release 15’ than for ‘Cat-M1’. The opposite behavior is observed for the URLLC devices
as with ‘EDT based on 3GPP Release 15’ there are enough reserved preambles, just for URLLC
devices, to decrease their preamble collision probability. This decreased preamble collision
probability is reflected in Table 5-3 as the probability of having one or two access attempts is
increased to 99.9926% compared to 99.9869% at ‘Cat-M1’. Therefore, the URLLC devices are
experiencing lower 99.99™ end-to-end delay percentile at ‘EDT based on 3GPP Release 15’
compared to ‘Cat-M1’.
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Figure 5-6 - End-to-end delays for ‘Cat-M1’ and ‘EDT based on 3GPP Release 15’ procedures for non-URLLC devices (left) and
URLLC devices (right).
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Table 5-3 - Probability of access attempts required for non-URLLC and URLLC devices in Cat-M1 and in the ‘EDT based on
3GPP Release 15’ procedure while reserving 35 preambles for URLLC transmissions.

URLLC devices

Number of non-URLLC devices

Access Attempts Cat-M1 EDT 3GPP Cat-M1 EDT 3GPP
One 99.6530% 99.2500% 99.4857% 99.6773%

Two 0.3408% 0.7190% 0.5012% 0.3153%
Three 0.0062% 0.0298% 0.0131% 0.0074%
Outage 0.0000% 0.0012% 0.0000% 0.0000%

Furthermore, the 50™" and 99.9t" end-to-end delay percentile for non-URLLC devices are not
influenced by the reduction of the available preambles for non-URLLC transmissions (29 in
‘EDT based on 3GPP Release 15’ instead of 64 in ‘Cat-M1’) and thus the same delay values are
observed as in ‘Cat-M1’. However, the 50t delay percentile of URLLC devices drops to 16.8
ms which is roughly as expected and explained in Section 3.1.1. Moreover, the 99.9% end-to-
end delay percentile for URLLC devices drops by around 23 ms compared to ‘Cat-M1’ due to
the earlier transmission of the UL data, as explained in detail in Section 3.1.1 and illustrated
in Figure 3-2.

5.4 EDT for all devices

This section presents the assessment of the RA procedure allowing all devices to use EDT
along with priority and shorter RAR and contention resolution windows for URLLC devices.
Therefore, a preamble analysis is again carried out in order to derive the optimal preamble
split between non-URLLC and URLLC devices. The results of this analysis are presented in
Figure 5-7.
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Figure 5-7 - Preamble analysis for the ‘EDT for All Devices’ procedure for non-URLLC devices (left) and URLLC devices (right).

From Figure 5-7, it is derived that the optimal number of preambles reserved for URLLC
transmissions lays in the interval of {36,...,40} preambles. However, for the reasons explained
in Section 5.3, the optimal split for this procedure is assumed to be 24 preambles for non-
URLLC transmissions and 40 preambles for URLLC transmissions. Therefore, the optimal split
is different than the one found in Section 5.3 for the ‘EDT based on 3GPP Release 15’
procedure, due to the increased probability of the URLLC devices having three access
attempts. This probability is illustrated in Table 5-4 and it is calculated as 1.4 times higher in
the ‘EDT for All Devices’ procedure compared to the ‘EDT based on 3GPP Release 15’
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procedure. Due to the shorter RAR window that applies to URLLC devices at the ‘EDT for All
Devices’ procedure, some of them have to retransmit their preamble due to a RAR window
expiry, rather than a preamble collision. This can cause a higher number of retransmissions in
the network which implies a higher preamble utilization per PRACH opportunity, and thus a
higher probability of collision, which finally leads to the need of reserving more preambles for
URLLC transmissions compared to the ‘EDT based on 3GPP Release 15’ procedure.

Table 5-4 - Probability of access attempts required for URLLC devices at the ‘EDT based on 3GPP Release 15" and the ‘EDT for
All Devices’ procedures while reserving 35 preambles for URLLC transmissions.

Number of URLLC devices with split 29/35 at procedure:
Access

EDT based on 3GPP Release 15 EDT for all devices
Attempts
One 99.6773% 99.7007%
Two 0.3153% 0.2881%
Three 0.0074% 0.0107%
Outage 0.0000% 0.0005%

Figure 5-8 illustrates the results of the ‘EDT for All Devices’ procedure (with preamble split
24/40; labelled as ‘EDT for all’) along with those obtained before for the ‘EDT based on 3GPP
Release 15’ procedure and for the ‘Cat-M1’ procedure and the requirements defined for non-
URLLC and URLLC devices. From this figure it is observed that the end-to-end delays are
decreased for both non-URLLC and URLLC devices. The delay for non-URLLC devices is reduced
due to the fact that they can now make use of the EDT procedure and thus transmit their UL
data earlier than before. For URLLC devices, the delay reduction is caused from the priority
given to the devices on the ULand DL channels and the shorter RAR and contention resolution
windows which enable them to detect preamble collisions faster.

Furthermore, from Figure 5-8 it is observed that the 50" and the 99.9t" end-to-end delay
percentiles for non-URLLC devices are comparable to those derived for URLLC devices for the
‘EDT based on 3GPP Release 15’ procedure. This outcome is expected, as now non-URLLC
devices also follow the EDT procedure. However, their results are not comparable to the ones
for URLLC devices of this particular procedure (‘EDT for All Devices’), as URLLC devices have
priority on the UL and DL channel and make use of shorter RAR and contention resolution
windows. Regarding the delays for URLLC devices, the 50™ end-to-end delay percentile
reduces only by 0.2 ms. However, a significant reduction of 10 ms is observed for the 99.9t
and the 99.99% percentiles which is an expected result from decreasing the RAR window from
20 ms to 10 ms. As the delay reduction for high percentiles is not larger than 10 ms and the
reduction for the median is just 0.2 ms, it can be concluded that the priority given by the base
station to the URLLC devices does not provide significant gains. This can be considered a
reasonable outcome given that the non-URLLC traffic is uniformly distributed and thus the
competition on the resources is mainly involving URLLC devices which have clustered traffic
arrivals due to the beta distribution.

Overall, this enhanced EDT procedure provides better end-to-end delays than the ‘EDT based
on 3GPP Release 15’ procedure and the end-to-end delay requirement for the 99.9t
percentile for non-URLLC devices is now achieved.
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Figure 5-8 - End-to-end delays for ‘Cat-M1’, ‘EDT based on 3GPP Release 15" and ‘EDT for All Devices’ procedures for non-
URLLC devices (left) and URLLC devices (right).

5.5 Two-step RA procedure with repetitions

In this section, the results of the ‘Two-Step RA procedure with Repetitions’ are discussed.
First, the preamble analysis is carried out, in order to derive the optimal number of preambles
that should be reserved for the URLLC devices. However, and as discussed in Section 3.2.1,
for this particular procedure collisions on the preamble as well as on the data can be
experienced by the devices. In order to derive the optimal preamble split, the preamble
analysis is carried out in an idealistic scenario without collisions of data transfer via the PUSCH
such that only the effect of preamble splitting is captured in the results. This preamble
analysis on the ideal scenario is discussed in Section 5.5.1. Furthermore, and as explained in
Section 3.2.2, transmitting multiple copies of the same data can increase the probability that
the data is received correctly at the base station. Section 5.5.2 presents an analysis on the
number of repetitions required to achieve as lower as possible end-to-end delay for URLLC
transmissions. It is noted that the optimization of the preamble split and the repetitions can
be decoupled because of the introduction of the idealistic scenario without data collisions.

Recall that the number of available narrowbands for URLLC UL data transmission, 3 ms after
the transmission of a URLLC preamble, should be calculated in order to derive the number of
non-overlapping sets of two PRBs each, as also described in Section 3.2.1. As there are
eighteen PRBs in total for the URLLC data transmissions on a 5 MHz LTE carrier, for subframes
without PRACH transmission opportunity, nine two-PRB sets that are non-overlapping can be
utilized for the URLLC UL data transmissions via PUSCH.®

5.5.1 Preamble analysis

As the idealistic scenario assumes no collisions in the data transmission phase via the PUSCH,
the effect of the preamble split on the end-to-end delay only occurs through preamble
collisions.

16 The data size of the URLLC transmission is such that two PRBs are sufficient to transfer the URLLC data.
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The results of the preamble analysis for the idealistic scenario are presented in Figure 5-9 and
show that 35 out of the total 64 preambles should be reserved for the URLLC devices.’ This
is readily concluded as the 99.99%™ end-to-end delay percentile of URLLC devices improves
when reserving 35 preambles for URLLC transmissions compared to when reserving 30 and
does not improve further with a higher split value. The selected preamble split is in
accordance with the previously studied procedures. In general, the optimal preamble split is
influenced by the number of (re-)transmissions in the network and consequently by the
number of devices, the distribution of the arrival of data and the number of PRACH
opportunities. As none of these parameters are changed among the three procedures, the
optimal preamble split should indeed always be the same (i.e. 35 preambles for URLLC
transmissions and 30 preambles for non-URLLC transmissions). Recall that the reason for
reserving more than 35 preambles for the URLLC devices in the ‘EDT for All Devices’ procedure
is the shorter RAR window which forced more preamble transmissions in the network than
necessary, something that is not applicable with the two-step RA procedure as the device
transmits its UL data without awaiting the RAR reply from the base station.
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Figure 5-9 - Preamble analysis for the two-step RA procedure in the idealistic scenario for non-URLLC devices (left) and URLLC
devices (right).

5.5.2 Repetition analysis

As mentioned, the effect of the URLLC data collisions on the end-to-end delay, can be
alleviated by transmitting the URLLC data multiple times. Therefore, an analysis is carried out
in order to derive the required number of URLLC transmissions via the PUSCH. The results of
this analysis are presented in Figure 5-10, addressing the end-to-end delay while the impact
on resource utilization is shown in Section 5.7.2.

171t is again noted that the actual optimal number of preambles that should be reserved for URLLC transmission
can lay in the interval of {31,...,35} preambles.
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Figure 5-10 - Impact of transmitting the URLLC UL data multiple times on the end-to-end delay for non-URLLC devices (left)
and URLLC devices (right).

From Figure 5-10 it is obvious that repetitions are needed as having no repetitions (i.e. one
transmission in Figure 5-10) results in outage for the 99.99%™" end-to-end delay percentile for
URLLC devices. Moreover, it can be concluded that the optimal number of transmissions,
when reserving 35 preambles for URLLC transmissions, is three as there is no further
improvement on the 99.99% end-to-end delay percentile for URLLC devices with a higher
number of transmissions.

It is noted that the choice of reserving fewer than 35 preambles for the URLLC transmissions
could have led to a lower number of needed repetitions in order to achieve the best result
possible (for that particular preamble split). However, that best result would have still been
worse than what is achieved with 35 preambles for URLLC transmissions and three repetitions
as the end-to-end delay is already higher for fewer preambles even in the idealistic scenario
and that can definitely not change. Alternatively, choosing to reserve more than 35 preambles
for the URLLC transmissions could lower the preamble collision probability, but based on
Figure 5-9 that preamble collision probability is not low enough to influence the end-to-end
delay significantly. Further, more data collisions would occur as more preambles would have
matched to the same UL resources on the PUSCH and thus more repetitions would have been
required for compensation. It is also noted that an increase of the data collision probability
would consequently increase the preamble collision probability as it would generate more
preamble transmissions in the network. In conclusion, the introduction of the idealistic
scenario enables the optimization of the two parameters (i.e. preamble split and repetitions)
separately. Otherwise, the two parameters would have had to be jointly optimized.

Figure 5-11 presents the results of the ‘“Two-Step RA procedure with Repetitions’ (labelled as
‘Repetitions’) along with the results of the previous procedures. Compared to the ‘EDT for All
Devices’ procedure, the 50" end-to-end delay percentile for the URLLC devices is now
reduced from 16.6 ms to 7.5 ms as calculated and explained in Section 3.2.1, due to less
signaling involved. Furthermore, the 99.9t™ and 99.99% percentiles, for URLLC devices, are
both decreased by around 14 ms and reached the delay values of 18.6 ms and 20.8 ms
respectively. It is also worth mentioning that there is not a significant difference between the
end-to-end delays for non-URLLC devices, when comparing the ‘EDT for All Devices’
procedure and the ‘Two-Step RA procedure with Repetitions’, as the introduced changes with
the two-step RA procedure mainly influence the URLLC devices.
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Figure 5-11 - End-to-end delays for ‘Cat-M1’, ‘EDT based on 3GPP Release 15" and ‘EDT for All Devices’ procedures and ‘Two-
Step RA procedure with Repetitions’ for non-URLLC devices (left) and URLLC devices (right).

5.6 Two-step RA procedure with feedback

In this section, the results regarding the end-to-end delay that can be obtained with the ‘Two-
Step RA procedure with Feedback’ are presented. The impact on the resource utilization is
presented in Section 5.7.2. Initially it is calculated, as for the ‘Two-Step RA procedure with
Repetitions’, that nine non-overlapping sets of two PRBs can be utilized for the URLLC UL data
transmissions and thus nine URLLC devices are able to transmit their data on these PUSCH
resources simultaneously without colliding. Subsequently, this procedure considers that
there can be successful URLLC UL data transmission with up to nine devices that transmit their
URLLC UL data simultaneously in a particular subframe.

The results of the preamble analysis for the ‘Two-Step RA procedure with Feedback’ are
presented in Figure 5-12 and are identical to those found for the ‘Two-Step RA procedure with
Repetitions’. This outcome is based on the fact that there were no more than nine devices
transmitting their UL data simultaneously in a particular subframe. Therefore, the same
observations and conclusions apply and consequently reserving 35 out of the total 64
preambles for the URLLC transmissions, is considered the best choice.
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Figure 5-12 - Preamble analysis for the ‘Two-Step RA procedure with Feedback’ for non-URLLC devices (left) and URLLC
devices (right).
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Supposing that the required additional signaling on the MPDCCH can indeed be implemented,
Figure 5-13 presents the results of the ‘Two-Step RA procedure with Feedback’ (marked as
‘Feedback’) along with the results calculated in the previously considered procedures.
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Figure 5-13 - End-to-end delays for ‘Cat-M1’, ‘EDT based on 3GPP Release 15’ and ‘EDT for All Devices’ procedures, ‘Two-Step
RA procedure with Repetitions” and ‘Two-Step RA with Feedback’ for non-URLLC devices (left) and URLLC devices (right).

Observe from Figure 5-13 that the Cl for the 99.99% end-to-end delay percentile for URLLC
devices for the ‘Two-Step RA procedure with Repetitions’ is 7 ms wide and considerably wider
than that for the ‘Two-Step RA procedure with Feedback’. Due to this uncertainty, it can be
concluded that the ‘Two-Step RA procedure with Repetitions’ can only to some degree
achieve the performance of the ‘Two-Step RA procedure with Feedback’. It is worth
mentioning that the uncertainty introduced for the ‘Two-Step RA procedure with
Repetitions’, is correlated with the number of attempts to successfully transmit the URLLC UL
data, which is jointly influenced by the preamble and data collision probability. Specifically,
Table 5-5 illustrates that the probability of a URLLC device having one or two attempts is
99.9187% with the ‘Two-Step RA procedure with Repetitions’ while it increases to 99.9964%
with the ‘Two-Step RA procedure with Feedback’.

Table 5-5 - Probability of access attempts required for URLLC devices for the ‘Two-Step RA procedure with Repetitions’ and for
the ‘Two-Step RA procedure with Feedback’, while reserving 35 preambles for URLLC transmissions.

Number of Access URLLC devices with split 29/35

Attempts Repetitions Feedback
One 99.6780% 99.6964%
Two 0.2407% 0.3000%

Three 0.0800% 0.0036%
Outage 0.0013% 0.0000%

Additionally, the 99.99t" end-to-end delay percentile for URLLC devices for the ‘Two-Step RA
procedure with Feedback’ is reduced by around 1 ms to 19.9 ms compared to the ‘Two-Step
RA procedure with Repetitions’. This outcome implies that for most URLLC devices, the UL
data are received successfully at the base station with no repetitions being necessary while
only for few devices a repetition was necessary.

It is also noted that the end-to-end delay for non-URLLC devices is the same between the two-
step RA procedure with repetitions and with feedback, as also illustrated in Figure 5-13.
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5.7 Comparison of RA procedures

In this section, an overall comparison of the reference ‘Cat-M1’ procedure, ‘EDT based on
3GPP Release 15’ procedure, ‘EDT for All Devices’ procedure, ‘Two-Step RA procedure with
Repetitions’ and ‘Two-step RA procedure with Feedback’ is presented. The comparison is
performed in respect to the end-to-end delay in Section 5.7.1 and the UL resource utilization
in Section 5.7.2.

5.7.1 End-to-end delay

In Section 1.2 the requirements for this study were discussed and it was derived that the
target values for the 99.9' end-to-end delay percentile for non-URLLC and the 99.99% end-
to-end delay percentile for URLLC devices are 50 ms and 10 ms respectively. Table 5-6
presents the calculated values for these percentiles in respect to the studied procedures and
it is derived that the best procedure is the ‘Two-Step RA procedure with Feedback’ as it
provides the lowest end-to-end delays.

Table 5-6 - 99.9% and 99.99% end-to-end delay percentile for non-URLLC and URLLC devices respectively for PRACH periodicity

two.
Non-URLLC delay URLLC delay

Cat-M1 66.0 ms 80.1 ms
EDT based on 3GPP Release 15 67.9 ms 44.0 ms
EDT for All Devices 43.7 ms 34.3 ms
Two-Step RA procedure with Repetitions 43.6 ms 20.8 ms
Two-Step RA procedure with Feedback 43.7 ms 19.9 ms

From Table 5-6 it can be deduced that the requirement set for non-URLLC devices can be met
with the ‘EDT for All Devices’ procedure, the ‘Two-Step RA procedure with Repetitions’ and
the ‘Two-Step RA procedure with Feedback’. Initially, this end-to-end delay was 66.0 ms for
‘Cat-M1’ and it was slightly increased with the ‘EDT based on 3GPP Release 15’ procedure due
to the preamble split that was used. Then, this delay was reduced to 43.7 ms with the ‘EDT
for All Devices’ procedure as this particular procedure implies earlier data transmission for
both non-URLLC and URLLC devices. The ‘Two-Step RA procedure with Repetitions’ and the
‘Two-step RA procedure with Feedback’ do not provide any improvement to the delay for
non-URLLC devices as these procedures are focused on improving the delay of URLLC
transmissions.

Regarding the URLLC devices, ‘Cat-M1’ offers an end-to-end delay of 80.1 ms which improves
to 43.0 ms with the ‘EDT based on 3GPP Release 15’ procedure, as it allows devices to transmit
their data sooner than before. Further enhancements were applied by the ‘EDT for All
Devices’ procedure compared to the ‘EDT based on 3GPP Release 15’ which offer to URLLC
devices a reduced end-to-end delay of 34.3 ms (mainly due to the applied shorter RAR
window). The ‘Two-Step RA procedure with Repetitions’ enables URLLC devices to transmit
their UL data even sooner than the EDT procedures and thus the end-to-end delay can be
further decreased to 20.8 ms. Finally, the “Two-Step RA procedure with Feedback’ can reduce
the end-to-end delay to 19.9 ms as the URLLC UL data are transmitted successfully during the
first transmissions and there is no need for repetitions. Even though the ‘Two-Step RA
procedure with Feedback’ offers a gain of 60.2 ms, the requirement of 10 ms cannot be met.
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Table 5-7 presents for all studied procedures the estimated percentage of non-URLLC and
URLLC devices that meet the end-to-end delay requirements of 50 ms for the 99.9t" end-to-
end delay percentile and 10 ms for the 99.99% end-to-end delay percentile, respectively. The
table further presents for each procedure the absolute minimum end-to-end delay that can
be achieved for non-URLLC and URLLC devices. This absolute minimum end-to-end delay is
basically the delay that can be achieved with the corresponding technology, provided that the
network is planned accordingly. From Table 5-7 observe that for non-URLLC devices, the 50
ms requirement can actually be achieved with 99.97% reliability in the considered scenarios,
and that for both the reference RA procedure in Cat-M1 and all the other studied RA
procedures, can indeed achieve a minimum end-to-end delay of less than 50 ms. On the other
hand, for URLLC devices, only the ‘Two-Step RA procedure with Repetitions’ and the ‘Two-
Step RA procedure with Feedback’ can offer a minimum delay below 10 ms. This is also
reflected in the percentage of devices that experience less than 10 ms end-to-end delay as
for ‘Cat-M1’, ‘EDT based on 3GPP Release 15’ and ‘EDT for All Devices’, that percentage is
0.00%. Furthermore, it is also observed that the 10 ms requirement is achieved by more
devices for the ‘Two-Step RA procedure with Feedback’ than for the ‘Two-Step RA procedure
with Repetitions’. Finally, it can be concluded that only the ‘Two-Step RA Procedure with
Repetitions’ and the ‘Two-Step RA procedure with Feedback’ can offer the possibility to
achieve the requirements set in this study for the FoF, provided of course that the network is
planned accordingly. An example of a different network plan such that the end-to-end delay
requirements will be achieved could be a different network layout i.e. using two base stations.

Table 5-7 - Percentage of devices that meet the requirements set regarding end-to-end delay and the minimum end-to-end
delay achieved in each procedure studied.

Non-URLLC URLLC

Percentage of Minimum Percentage of Minimum
devices delay devices delay
Cat-M1 99.66% 37.00 ms 0.00% 37.00 ms
EDT based
scpp R:f:asz';s 99.25% 37.00 ms 0.00% 14.00 ms
E';:?cri" 99.96% 14.00 ms 0.00% 14.00 ms
Two-Step RA
procedure with 99.97% 14.00 ms 99.48% 5.00 ms
Repetitions
Two-Step RA
procedure with 99.97% 14.00 ms 99.67% 5.00 ms
Feedback

Considering that only the ‘Two-Step RA procedure with Repetitions’ and the ‘Two-Step RA
procedure with Feedback’ can offer the possibility to achieve the end-to-end delay
requirements set to 10 ms in this study for FoF for ca. 99.5% of the URLLC devices, a further
analysis is carried out for both procedures to derive a better network planning which can
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possibly lead to achieving the end-to-end delay requirements. It is noted that the analysis is
carried out on both procedures and not only on the best performing ‘Two-Step RA procedure
with Feedback’ as for this particular procedure there is an assumption that the base station
can transmit 90 bits on the MPDCCH, 2 ms after the detection of a preamble used by a URLLC
device which might not be feasible in reality. For both the ‘Two-Step RA procedure with
Repetitions’ and the ‘Two-Step RA procedure with Feedback’, it can be derived that the
requirement of 10 ms for the 99.99% end-to-end delay percentile for URLLC devices is not
achieved, which is primarily due to preamble collisions.'® In order to reduce the probability of
preamble collision even further, more PRACH opportunities need to be offered to the devices
(see Section 4.5.2 for the PRACH initial configuration), which implies that a different PRACH
periodicity should be applied. The PRACH periodicity investigation and its impact on the end-
to-end delay and UL resource utilization is presented in Section 5.8.

5.7.2 UL resource utilization

In Section 5.7.1 it was discussed that the best RA procedure in terms of end-to-end delay is
the ‘Two-Step RA procedure with Feedback’. However, an evaluation regarding the UL
resource utilization needs to be carried out in order to investigate whether the gain of end-
to-end delay comes at a reasonable cost of UL resource utilization. Table 5-8 presents UL
resource utilization for the studied RA procedures and it can be derived that there is no
significant difference regarding the UL resource utilization between the RA procedures.

Table 5-8 - Uplink resource utilization for each studied RA procedure for PRACH periodicity two.

UL resource utilization

Cat-M1 6.16%
EDT based on 3GPP Release 15 6.19%
EDT for All Devices 6.00%
Two-Step RA procedure with Repetitions 6.45%
Two-Step RA procedure with Feedback 6.11%

More specifically, and based on Table 5-8, the ‘EDT based on 3GPP Release 15’ procedure
increases the UL resource utilization only slightly compared to the ‘Cat-M1’ procedure. This
slight increase is caused by the edt-TBS value as there are UL resources reserved for URLLC
devices that are not always fully used. The ‘EDT for All Devices’ procedure improves the UL
resource utilization from 6.19% (in ‘EDT based on 3GPP Release 15’) to 6.00%. This
improvement relies on the fact that non-URLLC devices are transmitting their data earlier than
before and thus less messages need to be exchanged between the device and the base
station, as also explained in Section 3.1.3. However, this reduction of message exchange and
thus of UL resource utilization implies that the devices are never reaching the RRC
CONNECTED Mode and that they are always in RRC IDLE Mode. For the ‘Two-Step RA
procedure with Repetitions’ the UL resource utilization is 6.45% which is slightly higher than
the other RA procedures. This is expected for this procedure as all the UL resources on the 5
MHz carrier are reserved for three consecutive subframes for URLLC transmissions, every time

18 |n Section 5.6 it was presented that for the ‘Two-Step RA procedure with Repetitions’ and the ‘Two-Step RA
procedure with Feedback’, a URLLC device will use one or two access attempts 99.9187% and 99.9964% of the
time, respectively. Devices which used two access attempts have experienced a preamble collision.
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that a preamble reserved for URLLC transmissions is detected at the base station. The UL
resource utilization for the ‘Two-Step RA procedure with Feedback’ is 6.11% which is less than
the utilization in the ‘Two-Step RA procedure with Repetitions’ as the UL resources are now
reserved only for one subframe instead of three. However, it has to be noted that the “Two-
Step RA procedure with Feedback’ increases the resource utilization on the downlink,
compared to the rest procedures, as the base station needs to transmit 90 bits on the
MPDCCH every time that a URLLC transmission is expected. Finally, it can also be said that all
values of the UL resource utilization for all procedures except the ‘Two-Step RA procedure
with Repetitions’ are very similar and thus their differences might fall within the margins of
simulation inaccuracy.

5.8 PRACH periodicity investigation

As discussed in Section 5.7.1, the procedure that is performing the best is the ‘Two-step RA
procedure with Feedback’ due to the lowest achieved median, 99.9% and 99.99t" end-to-end
delay performance. However, it was also noted that the requirement set to 10 ms for URLLC
devices cannot be met in the studied scenario.

Considering that the key reason for the delay is the occurrence of preamble collisions, for
further reduction of the 99.99%™ delay percentile for URLLC transmissions in the ‘Two-Step RA
procedure with Feedback’, more PRACH resources should be assigned. Consequently, the
probability of preamble collision will be reduced further, which in turn will reduce the 99.99%
end-to-end delay percentile. In order to increase the PRACH resources, a higher PRACH
periodicity should be applied to the network, which will also increase the UL resource
utilization. Therefore, it is again concluded that there is a trade-off between the end-to-end
delay and the UL resource utilization.

Recall from Section 4.5.2 that the PRACH periodicity was chosen to be equal to two and
therefore two PRACH subframes are available in a 10 ms radio frame. This PRACH periodicity
can be increased to three, five or ten, and thus there can be three, five or ten PRACH
subframes in a 10 ms radio frame, respectively. For the ‘Two-step RA procedure with
Feedback’, an analysis is carried out to assess the influence on the end-to-end delay when
increasing the PRACH periodicity to three, five and ten. Recall that the implementation of the
‘Two-Step RA procedure with Feedback’ is based on the assumption that the base station can
indeed transmit 90 bits of feedback on the MPDCCH, 2 ms after the detection of a preamble
used by a URLLC device. As the validity (or achievability) of this assumption has not been
investigated in detail, the ‘Two-Step RA procedure with Repetitions’ is also studied under
different PRACH periodicities, as it can provide similar end-to-end delays as the ‘Two-Step RA
procedure with Feedback’ but with a simpler implementation. The bottom-line results are
presented in Figure 5-14, nothing that the intermediate results regarding the optimization of
the preamble split and the number of repetitions are discussed in Appendix B . It is noted that
the results obtained for both procedures are very similar and thus in Figure 5-14 there are
many results that are overlapping.
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Figure 5-14 - End-to-end delay based on different PRACH periodicity for the ‘Two-Step RA procedure with Repetitions’ and the
‘Two-Step RA procedure with Feedback’ for non-URLLC devices (left) and URLLC devices (right).

From Figure 5-14, it is observed that the end-to-end delay for non-URLLC devices is almost
the same for the ‘Two-Step RA procedure with Repetitions’ and the ‘Two-Step RA procedure
with Feedback’ and thus the same reasoning applies for both procedures. From Figure 5-14
figure it can also be observed that the 99.9t end-to-end delay percentile reduces when the
PRACH periodicity increases, as expected. Moreover, the 99.99* end-to-end delay does not
vary significantly for PRACH periodicities two, three and five, but does improve significantly
for a PRACH periodicity of ten, where it drops to 40.99 ms. Actually, it appears that the 99.99t
end-to-end delay percentile for PRACH periodicity two, three and five have some relatively
small differences which might be caused by the different number of preambles that are
available for non-URLLC transmissions among the different PRACH periodicities (see Appendix
B for the preamble analysis). For example, increasing the PRACH periodicity from two to five
does not provide much end-to-end delay gain as the available preambles for non-URLLC
transmissions are reduced from 29 to 14. The significant drop of the 99.99% end-to-end delay
percentile for a PRACH periodicity of ten can be explained by the significant reduction of the
collision probability, which allows more devices to transmit successfully their data with fewer
tries and hence reduces the end-to-end delay. More specifically, and as illustrated in Table
5-9, the probability of a non-URLLC device having one or two access attempts is 99.9575%
when PRACH periodicity five is used while it increases to 99.9955% with PRACH periodicity
ten. Another explanation for the decrease of the 99.99% delay percentile for non-URLLC
devices, is the reduction of the time that a device has to wait for a PRACH opportunity. Finally,
it is noted that the requirement of 50 ms with 99.9% reliability can be met for all PRACH
periodicities.

For the delay performance of URLLC devices the results for the “Two-Step RA procedure with
Repetitions’ and the ‘Two-Step RA procedure with Feedback’ are almost the same with the
only difference that the delays corresponding to the ‘Two-Step RA procedure with
Repetitions’ have wide Cl. The reasoning of the wide Cl is similar to what was already
explained in Section 5.6 and therefore it is omitted here. The reasoning of the delay
performance in respect to the PRACH periodicity is given only for the ‘Two-Step RA procedure
with Feedback’ as it is similar for both procedures. Figure 5-14 presents (for URLLC devices)
that PRACH periodicities five and ten influence the 99.9t delay percentile and reduce it to
7.00 ms and 6.00 ms respectively, as more devices transmit their data with only a single
attempt. More specifically, the corresponding probabilities of having just one attempt are
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99.9195% and 99.9000% for PRACH periodicities five and ten respectively (according to Table
5-9). Regarding the 99.99"" delay percentile for URLLC devices, its value is reduced from 19.92
ms (with PRACH periodicity two) to 15.94 ms with PRACH periodicity ten. However, the target
of 10 ms is still not met.

Table 5-9 - Probability of access attempts required for non-URLLC and URLLC devices for the ‘Two-Step RA Procedure with
Feedback’ for PRACH periodicities five and ten.

Number of PRACH periodicity Five PRACH periodicity Ten

Access Non-URLLC URLLC Non-URLLC URLLC
Attempts
One 99.3660% 99.9195% 99.3915% 99.9000%
Two 0.5915% 0.0805% 0.6040% 0.0956%
Three 0.0385% 0.0000% 0.0032% 0.0044%
Outage 0.0040% 0.0000% 0.0013% 0.0000%

Table 5-10 presents for the ‘Two-Step RA procedure with Repetitions’ and the ‘Two-Step RA
with Feedback’ the percentage of devices that met the end-to-end delay requirements of 50
ms and 10 ms for non-URLLC and URLLC traffic, respectively. It is observed that for both
procedures, the requirement for non-URLLC traffic is met with more than 99.9% reliability. It
is however noted that this percentage non-monotonously varies over the different PRACH
periodicities rather than continuously increasing, which is due to the different number of
available preambles that are available for non-URLLC transmissions for the different PRACH
periodicities. For URLLC devices, the percentage of devices that experience an end-to-end
delay at most 10 ms nicely increases with an increase of the PRACH periodicity as expected,
reaching 99.92% for PRACH periodicities five and ten for the ‘Two-Step RA procedure with
Feedback’. Recall that different numbers of preambles are reserved for the URLLC devices for
the different PRACH periodicities. Simulation inaccuracies might also affect these percentages
to some degree, but they are noted to be in accordance with the end-to-end delays presented
in Figure 5-14.

The minimum achievable delays that can be achieved by the two procedures are also
presented in Table 5-10, which inherently assume ideal circumstances in terms of zero load
and a strong channel and hence are insensitive to the PRACH periodicities and the same for
both procedures. This outcome is reasonable as the minimum delay is a feature of the
technology and not of the network configuration and specifically, a good network
configuration can possibly allow the achievement of the minimum delays provided by the
technology. Based on this observation it can be concluded that both the ‘Two-Step RA
procedure with Repetitions’ and the ‘Two-Step RA with Feedback’ are promising technologies
as their minimum delay (5 ms) is significantly lower than the URLLC end-to-end delay
requirement (10 ms). Considering the above, it can be further concluded that the requirement
of 10 ms end-to-end delay with 99.99% reliability for URLLC devices can possibly be achieved
under a different network layout, e.g. introducing another base station and thereby both
enhancing link budgets and reducing cell loads. Recommendations on improving further the
end-to-end delay are presented in Section 6.2.
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Table 5-10 - Percentage of devices that meet the requirements set regarding end-to-end delay and the minimum end-to-end
delay achieved in each PRACH periodicity studied for the ‘Two-Step RA procedure with Repetitions” and the ‘Two-Step RA with

Feedback’.
Two-Step RA procedure with Repetitions Two-Step RA procedure with Feedback
PRACH Non-URLLC URLLC Non-URLLC URLLC
periodicity Minimum Minimum Minimum Minimum
Percentage Delay Percentage Delay Percentage Delay Percentage Delay
2 99.97% 14.00 ms 99.48% 5.00 ms 99.97% 14.00 ms 99.67% 5.00 ms
3 99.98% 14.00 ms 99.75% 5.00 ms 99.98% 14.00 ms 99.80% 5.00 ms
5 99.95% 14.00 ms 99.90% 5.00 ms 99.96% 14.00 ms 99.92% 5.00 ms
10 99.99% 14.00 ms 99.91% 5.00 ms 99.99% 14.00 ms 99.92% 5.00 ms

Additionally, the trade-off between the end-to-end delay and the UL resource utilization for
the two procedures is presented in Figure 5-15. As the delay results shown for both
procedures are very similar, we limit our discussion to the results of the ‘Two-Step RA
procedure with Feedback’, noting that an equivalent argumentation applies to the “Two-Step
RA procedure with Repetitions’. Also, this is the reason why the results in Figure 5-15 largely
overlap for the two procedures.

The figure is derived based on the end-to-end delay and UL resource utilization for each
PRACH periodicity and it is visible that the delay for URLLC devices reduces with an increase
of the UL resource utilization (thus with a higher PRACH periodicity). It can also be derived
that the end-to-end delay does not improve significantly from PRACH periodicity five to
PRACH periodicity ten while the increase of the UL resource utilization between these two
periodicities is significant (1.88 times higher). Table 5-11 presents a summary of the results.
From the above, it cannot easily concluded which is the best configuration and RA procedure
for the considered scenario with 3000 devices as there is a strong tradeoff between the end-
to-end delay and the UL resource utilization for both the ‘Two-Step RA procedure with
Repetitions’ and the ‘Two-Step RA procedure with Feedback’, as also presented in Table 5-11.
Therefore, the choice of the PRACH periodicity value is left to the operator while the choice
for the RA procedure is left to the feasibility of implementing the ‘Two-Step RA procedure
with Feedback’. Section 5.9 presents the performance analysis for different number of
devices (i.e. network load) for both RA procedures and for PRACH periodicities five and ten.
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Figure 5-15 - Trade-off between the end-to-end delay and the UL resource utilization for different PRACH periodicities for the
‘Two-Step RA procedure with Repetitions’ and the ‘Two-Step RA procedure with Feedback’ for non-URLLC devices (left) and
URLLC devices (right).
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Table 5-11 - 99.9t and 99.99t" end-to-end delay percentile for non-URLLC and URLLC devices, respectively, and UL resource
utilization for the different PRACH periodicities for the ‘Two-Step RA procedure with Repetitions’ and the ‘Two-Step RA
procedure with Feedback’.

Two-Step RA procedure with Two-Step RA procedure with
Repetitions Feedback
PRACH Non- URLLC UL resource Non- URLLC = UL resource
periodicity URLLC delay utilization URLLC delay utilization
delay delay
2 43.6 ms 20.8 ms 6.5% 43.7ms | 19.9ms 6.1%
3 43.6 ms 19.1 ms 8.7% 43.6ms | 18.8ms 8.5%
5 42.7 ms 17.0 ms 13.5% 42.1ms | 16.8ms 13.3%
10 39.5ms 16.6 ms 25.5% 39.1ms | 15.9ms 25.3%

5.9 Sensitivity analysis w.r.t. the network load

In Section 5.8 the achieved end-to-end delay performance under the ‘Two-Step RA procedure
with Repetitions’ and the ‘Two-Step RA with Feedback’ was presented for different PRACH
periodicities. All results presented so far assumed a network load generated by 3000 devices,
with 5% (150) of them URLLC devices. In this section a sensitivity analysis is presented of the
delay performance w.r.t. different network loads. For this study, the PRACH periodicity five
and ten are considered only as they are the configurations which perform the best regarding
end-to-end delay for both the two above-mentioned procedures, assuming 3000 devices.
Furthermore, it is noted that for this load analysis the preamble split found for 3000 devices
will be used (see Appendix B ) which indicates that 50 and 25 preambles will be reserved for
URLLC transmissions for PRACH periodicity five and PRACH periodicity ten respectively. It was
decided to keep the same preamble split among the different loads in order to study the
influence of solely the load on the end-to-end delay. It is noted however that for an optimal
configuration of the network, it is recommended that the preamble split should be derived
based on the network load.

Figure 5-16 and Figure 5-17 present the results of the load analysis for PRACH periodicities
five and ten for the ‘Two-Step RA procedure with Repetitions’ and for the ‘Two-Step RA
procedure with Feedback’, respectively. The end-to-end delay from both figures is similar
(with the exception that the ‘Two-Step RA procedure with Repetitions’ performs slightly
worse than the ‘Two-Step RA procedure with Feedback’ for the reasons already explained)
and therefore the argumentation will only be given for the ‘Two-Step RA procedure with
Feedback’.

From Figure 5-17 it can be concluded that PRACH periodicity five offers better end-to-end
delays for URLLC devices in higher loads (i.e. more than 10000 devices) compared to PRACH
periodicity ten which is reasonable as more preambles are available for URLLC devices for
PRACH periodicity five. More specifically, the 99.99t" end-to-end delay percentile for URLLC
devices stays below 25 ms for up to 15000 devices for PRACH periodicity five, while for PRACH
periodicity ten, the same percentile increases to around 25 ms with 10000 devices. However,
it is noted that the requirement of 10 ms cannot be achieved even with just 1000 devices in
the network (i.e. 950 non-URLLC and 50 URLLC devices), regardless of the PRACH periodicity.
Additionally, the improved performance of URLLC devices under high loads and PRACH
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periodicity five, comes at a cost of an increased end-to-end delay for non-URLLC devices,
when compared to PRACH periodicity ten. Specifically, for more than 10000 devices in the
network, the 99.9t" end-to-end delay percentile for non-URLLC devices exceeds the 50 ms
target with PRACH periodicity five, while for PRACH periodicity ten the target is still met.1®

For low to medium loads, both PRACH periodicity five and ten provide similar end-to-end
delays for URLLC devices. However, for non-URLLC devices, the end-to-end delay is lower
when PRACH periodicity ten is used instead of five. Specifically, with PRACH periodicity ten
the 99.99% end-to-end delay percentile is lower than 50 ms for up to 6000 devices while with
PRACH periodicity five it is around 20 ms higher. It is noted that the 50 ms target for the 99.9%
end-to-end delay percentile for up to 6000 devices can be achieved with both PRACH
periodicities.

It is therefore clear, that there is a strong trade-off between the performance of the non-
URLLC and URLLC devices between the two PRACH periodicities. This tradeoff can be easily
explained by the fact that more preambles are reserved for URLLC devices when PRACH
periodicity five used than PRACH periodicity ten (see Appendix B for the preamble analysis).
Thus, for low to medium loads the URLLC performance is similar for both PRACH periodicities
as there is no bottleneck on the preamble collision probability but for higher loads PRACH
periodicity five performs better as the preamble collision probability is lower than with PRACH
periodicity ten. Similarly, for non-URLLC devices, there are fewer preambles available with
PRACH periodicity five compared to PRACH periodicity ten and this is reflected on the 99.99%
end-to-end delay percentile for up to 6000 devices and also on the 99.9% end-to-end delay
percentile for more than 10000 devices.

It can be finally concluded that PRACH periodicity five is recommended for networks with high
loads under the condition that the 50 ms end-to-end delay requirement for non-URLLC
devices can be relaxed. For applications that this requirement cannot be relaxed, PRACH
periodicity ten is recommended.
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Figure 5-16 - End-to-end delay for non-URLLC (left) and URLLC (right) devices in ‘Two-Step RA procedure with Repetitions” and
PRACH periodicity five and ten.

1% The end-to-end delays not shown in Figure 5-16 and Figure 5-17 imply that they are infinite and that the
devices are in outage.
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Figure 5-17 - End-to-end delay for non-URLLC (left) and URLLC (right) devices in ‘Two-Step RA procedure with Feedback” and
PRACH periodicity five and ten.

Furthermore, Figure 5-18 presents the UL resource utilization in respect to the load for the
‘Two-Step RA procedure with Repetitions’ and the ‘Two-Step RA procedure with Feedback’
and PRACH periodicities five and ten. First of all, it is observed that the UL resource utilization
is increasing with an increase of the load, as expected, as more devices need to transmit their
data.

Moreover, it can be derived that the UL resource utilization between the two procedures
when using the same PRACH periodicity is similar. As already discussed in Section 5.7.2, the
‘Two-Step RA procedure with Repetitions’ has a slightly higher UL resource utilization than
the ‘Two-Step RA procedure with Feedback’, as more consecutive subframes have to be
reserved for the URLLC UL data transmissions. From Figure 5-18 it can be observed that this
difference in resource utilization increases with an increase of the load. This is reasonable as
under higher loads the number of URLLC devices (i.e. 5% of the total load) also increases, and
hence so do the number of URLLC transmissions and, consequently, the UL resources reserved
for URLLC transmissions. Furthermore, the PRACH periodicity influences the UL resource
utilization as a higher PRACH periodicity implies the reservation of more UL resources for the
PRACH.
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Figure 5-18 - UL resource utilization in respect to the load in the network for the ‘Two-Step RA procedure with Repetitions’
and the ‘Two-Step RA procedure with Feedback’ and PRACH periodicities five and ten.
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5.10 Discussion on data sizes

This section presents a short discussion on the data sizes used in this study as they can
influence significantly the performance of the procedures regarding both the end-to-end
delay and the UL resource utilization. Recall that the assumed data sizes are 200 bytes for
non-URLLC devices and 40 bytes for URLLC devices.

Recall further from Chapter 3 that the parameters (i.e. edt-TBS) used for the configuration of
the EDT and two-step RA procedures were based on the data sizes assumed in this particular
study. For example, for the two-step RA procedure, the UL resources were split to nine non-
overlapping sets of two PRBs each as two PRBs can transport 40 bytes (with MCS 15).
Therefore, shorter URLLC data imply that the UL resources can be split to more than nine sets.
Specifically, for data sizes that can be transmitted in one PRB, eighteen sets of non-
overlapping PRBs can be defined in the UL channel for URLLC transmissions which will
improve the experienced end-to-end delay for URLLC devices as the collision probability of
the data will be decreased significantly. Additionally, the UL resource utilization can possibly
be decreased for the ‘Two-Step RA procedure with Repetitions’ as possibly fewer repetitions
will be needed. On the other hand, a higher URLLC data size implies the opposite behavior
and thus higher end-to-end delays and possibly higher UL resource utilization.

The ‘EDT for All Devices’ procedure was the procedure that introduced improvements for the
non-URLLC devices, as it allows them to transmit their data earlier than normally. For this
configuration, it was defined that the base station will be reserving six PRBs for both non-
URLLC and URLLC devices such that the TBS will be big enough to transport the 200 bytes of
non-URLLC devices (with MCS 15). Therefore, for a smaller non-URLLC data size, edt-TBS
would have been smaller which implies that more devices would have been able to be granted
access to the UL resources simultaneously. Consequently, the end-to-end delay for both non-
URLLC and URLLC would be reduced as there would have been no extra waiting time for
access to the UL resources. Additionally, the UL resource utilization would possibly decrease
as the edt-TBS would be smaller. The opposite behavior is expected when the non-URLLC
message size is larger than 200 bytes. Specifically, non-URLLC devices would not have been
able to transmit the entire data in one TBS and they would have had to perform two data
transmissions to fully convey the data.?° This behavior would have led to significantly higher
end-to-end delays for non-URLLC devices and possible higher UL resource utilization as more
signaling would have been needed for the complete and successful transmission of the non-
URLLC data.

5.11 Summary

This chapter presented the assessment of the different RA procedures as well as the effect of
the PRACH periodicity and the network’s load on the end-to-end delay for the best RA
procedure among those considered in this thesis, which is the ‘Two-Step RA procedure’. For
the ‘Two-Step RA procedure’, both the ‘Repetitions’ and ‘Feedback’ flavors were studied. The
analysis showed that the ‘Repetitions’ flavor does not perform as well as the ‘Feedback’

20 Recall that only six PRBs can be assigned to each device on the PUSCH and that no more than 200 bytes can
be transmitted in six PRBs with the maximum MCS (MCS 15).
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flavor, considering the higher degree of uncertainty visible in the derived Cl. However, the
analysis of the PRACH periodicity and load was carried out for both procedures as the ‘Two-
Step RA procedure with Feedback’ can only be implemented under the assumption that a
feedback message of 90 bits can be transmitted on the MPDCCH, 2 ms after a URLLC preamble
transmission is detected at the base station; an assumption which we have been unable to
verify at this stage. Table 5-12 presents an overview of the trade-offs that were observed in
this study.

Table 5-12 - Trade-offs observed.

Positive effects \ Negative effects
1. Decrease the probability
of URLLC preamble
High number of collisions on PRACH.
URLLC preambles | 2. Decrease the URLLC
99.99™ end-to-end
delay.

1. Decrease of the URLLC
High PRACH 1. | he UL
'8 ¢ 99.99t end-to-end ncrease the UL resource

periodicity delay utilization

1. Increase the probability of
URLLC data transmission
collisions on PUSCH.

2. Increase the probability of
collisions for non-URLLC devices

Section 5.7 provided an overall comparison of the RA procedures in a reference scenario,
regarding end-to-end delay and UL resource utilization. It was derived that the ‘Two-Step RA
procedure with Feedback’ can provide the lowest end-to-end delays, as in the considered
scenario 43.7 ms and 19.9 ms can be achieved for the 99.9™" end-to-end delay percentile for
non-URLLC devices and the 99.99" end-to-end delay percentile for URLLC devices,
respectively. However, the requirement of 10.0 ms for the 99.99™ end-to-end delay
percentile for URLLC devices is not met as only 99.67% of the devices have an end-to-end
delay up to 10.0 ms.

While the above performance results were based on an assumed PRACH periodicity of two,
in Section 5.8, the ‘Two-Step RA procedure with Repetitions’ and the ‘“Two-Step RA procedure
with Feedback’ were evaluated for different PRACH periodicities in order to examine whether
the 10 ms requirement for URLLC devices can be met by adding more RA opportunities. Table
5-11 presented the obtained results. From these results, it can be concluded that none of the
PRACH periodicities fulfill this particular requirement for the studied scenario, even though
some delay enhancements have been observed. More specifically, the lowest 99.99* end-to-
end delay percentile calculated for URLLC devices is 15.9 ms with PRACH periodicity ten which
introduces a gain of 4.0 ms compared to PRACH periodicity two. However, this delay gain
comes at the cost of increasing the UL resource utilization from 6.1% to 25.3% as the PRACH
is then supported in every subframe. Due to this strong trade-off between the end-to-end
delay and the UL resource utilization, it was concluded that is up to the operator to define
which is the best configuration for the PRACH periodicity. Finally, it was also discussed that
even though the target of 10 ms with 99.99% reliability for URLLC devices was not met, both
the ‘Two-Step RA procedure with Repetitions’ and the ‘Two-Step RA procedure with
Feedback’ can offer a minimum attainable end-to-end delay of 5 ms and thus with a different
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network planning this specific requirement can possibly be met e.g. by adding base station
sites in order to enhance the link budget and reduce the effective cell loads.

An analysis on the network load was carried out in Section 5.9 in order to study the behavior
of the two enhancements of the ‘Two-Step RA procedure’. From this analysis it was derived
that both PRACH periodicity five and ten can provide similar results for low loads in the
network but for higher loads there is a trade-off between the end-to-end delay for non-URLLC
and URLLC devices. In case of applications for which the end-to-end delay for non-URLLC
devices can be sacrificed for an improved end-to-end delay for URLLC devices, PRACH
periodicity five is recommended as it can support a higher number of URLLC devices.
However, for applications that where non-URLLC and URLLC end-to-end delays are critical,
each with their own noted requirement level, PRACH periodicity ten is recommended, coming
at an obvious cost of higher UL resource utilization.

Finally, in Section 5.10 the impact of the non-URLLC and URLLC data sizes on the end-to-end
delay and UL resource utilization was briefly discussed, noting that the size of data can
influence significantly the performance of the studied RA procedures.
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Chapter 6 Concluding remarks

In this study, we analyzed the end-to-end delay performance of small data transmissions in
the context of massive loT type applications in a Factory of the Future (FoF) deployment
scenario. For the evaluation of the end-to-end delay, the focus was on the Random Access
(RA) procedure as it contributes most significantly to this delay. Therefore, an evaluation of
the RA procedure was carried out for the reference Cat-M1 access technology and it was
guantified that the end-to-end delay experienced by both non-URLLC and URLLC traffic is
significantly higher than the assumed requirements for FoF applications. Specifically, the
99.99%" end-to-end delay percentile for URLLC traffic was found to be approximately 80 ms in
the considered baseline scenario, while the assumed requirement is to have it below 10 ms.
Specifically, the requirements for FoF applications is 50 ms for the 99.9t" percentile for non-
URLLC traffic and 10 ms for the 99.99 percentile for URLLC traffic, as shown in Section 1.2.

With an aim to improve the end-to-end delay performance in line with the requirements set
for 5G applications, four different enhanced RA procedures were proposed and assessed,
three of which are contributions of this study. The four enhancements studied in this thesis
follow, along with their key enhancements.

e Early Data Transmission (EDT) based on 3GPP Release 15: This enhanced RA
procedure is a contribution to 3GPP and allows URLLC data to be appended to the RA
procedure signaling (appended to Msg.3) [17].

e EDT for All Devices: This RA procedure was introduced in this study as an
enhancement to the ‘EDT based on 3GPP Release 15’ procedure in which non-URLLC
data can be appended to the RA procedure signaling (appended to Msg.3) while
furthermore a different configuration is applied to URLLC traffic (i.e. priority on
resources and shorter RAR window).

e Two-Step RA procedure with Repetitions: This RA procedure is one possible
implementation of the basic idea presented in [18]. The key principle is to allow
consecutive URLLC data transmissions, 3 ms after the transmission of the preamble.

e Two-Step RA procedure with Feedback: This RA procedure is another possible
implementation of the basic idea presented in [18]. For this implementation, feedback
about the UL resources is given to devices handling URLLC traffic by the base station
before the actual URLLC data transmission happens.

The main conclusions derived from the analysis are presented in Section 6.1 while Section 6.2
presents recommendations and future work that can be pursued as an extension to the
presented work. It is noted that the derived conclusions are based on simulations in a factory
of size 50 m x 50 m, where 95% of the devices generate non-URLLC traffic that follows a
uniform traffic arrival distribution within a 60 seconds interval while the remaining 5% of the
devices generate URLLC traffic that follows a beta traffic arrival distribution within a 10
seconds interval, triggered by an unexpected incident.

87



6.1 Conclusions

Based on the analysis described in Chapter 5, the main conclusions are as follows, where the
end-to-end delay performance experienced by the non-URLLC devices is characterized by the
99.9t% percentile, while for the URLLC devices it is given by the 99.99% percentile:

Cat-M1

The end-to-end delay performance experienced for the RA procedure in Cat-M1 was
found to be too unsatisfactorily high for the considered non-URLLC and URLLC traffic.
This relies on the fact that the measured end-to-end delays for non-URLLC and URLLC
devices are 66.0 ms and 80.1 ms while the considered 5G application requirements
are 50 ms and 10 ms, respectively.

EDT procedures

In 3GPP Release 15, the EDT procedure is introduced with the aim to reduce the end-
to-end delays experienced in the network. However, even though the URLLC end-to-
end delay is significantly improved (44.0 ms versus 80.1 ms for Cat-M1) the quantified
end-to-end delays for both non-URLLC (e.g. 66.9 ms) and URLLC devices are still
significantly higher than the delay requirements. Further enhancements have been
studied for the EDT procedure (‘EDT for All Devices’) which yielded end-to-end delay
values of 43.7 ms and 34.3 ms for non-URLLC and URLLC devices, respectively. It is
therefore concluded that the EDT procedures cannot provide the delays required for
the considered FoF applications, although it can provide significant delay
improvements.

Additionally, the EDT procedures introduce the need to distinguish non-URLLC and
URLLC devices at the base station and therefore the preambles are required to be split
into two groups; one for non-URLLC and one for URLLC. This split of preambles,
however, introduces a trade-off between the end-to-end delay for non-URLLC and
URLLC devices as reserving too many preambles for one group can introduce high
delays to the other group. For this reason, a preamble analysis was carried out in all
procedures that required a distinguish between non-URLLC and URLLC devices such
that the optimal choice can be derived.

Two-step RA procedure

The two-step RA procedure enables URLLC devices to transmit their data 3 ms after
their preamble transmission and therefore lower end-to-end delays can be achieved.
Since this is arranged by applying a pre-defined matching of preambles to sets of non-
overlapping PRBs used for the UL data transmission, multiple URLLC devices may
transmit their data in the same UL PRBs, leading to data collisions. If not solved, these
UL data collisions can significantly degrade the performance of the procedure
resulting in a worse 99.99™ end-to-end delay percentile for URLLC devices compared
to the EDT procedures and Cat-M1, and even lead these URLLC to experience outages.

Increase of the probability that the URLLC UL data will be transmitted successfully, can
be achieved by transmitting the URLLC UL data multiple times which is referred as the
‘Two-Step RA procedure with Repetitions’. However, such repetitions come to the
cost of increasing the UL resource utilization as more traffic is generated in the
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network and therefore there is a clear trade-off between the number of repetitions
and the UL resource utilization. A way to completely resolve the UL data collisions is
to assign non-overlapping UL PRBs to URLCC devices by more explicitly (and costly)
signaling the matching between the URLLC preambles and the PRBs by the base
station. This signaling can be done, within the transmitted message on the MPDCCH,
2 ms after the transmission of a URLLC preamble and it is referred as the ‘Two-Step
RA procedure with Feedback'.

Assigning a high number of preambles to URLLC devices reduces the preamble
collision probability but increases the data collision probability as more preambles
match to the same PRBs. An increased probability of data collisions will require a
higher number of repetitions of the URLLC UL data. Therefore, there is a trade-off
between the number of preambles reserved for URLLC devices and the number of
repetitions required.

Best performing RA procedure

The best results regarding end-to-end delay were achieved with the two-step RA
procedure. Delays of 43.7 ms and 20.8 ms were measured for non-URLLC and URLLC
devices, respectively, when transmitting the URLLC UL data three times in the ‘Two-
Step RA procedure with Repetitions’. Additionally delays of 43.7 ms and 19.9 ms for
non-URLLC and URLL devices respectively were achieved when the base station used
the feedback mechanism to indicate the matching of preambles to PRBs in the ‘Two-
Step RA procedure with Feedback’. It is noted that even though the two enhanced
two-step RA procedures introduce significant end-to-end delay gains, the set
requirements for the considered FoF applications can be achieved only for non-URLLC
devices as the measured delay for URLLC devices is still almost twice as high as
acceptable. However, it is worth mentioning that the minimum end-to-end delays that
can be achieved with both procedures are 14 ms and 5 ms for non-URLLC and URLLC
devices, respectively. It can be therefore be argued that the FoF requirements may
potentially indeed be met with a more optimized 5G network deployment, e.g. by
adding base station sites.

PRACH periodicity investigation

The bottleneck of the two-step RA procedure is the occurrence of preamble collisions
which cannot be reduced enough to ensure that devices have a successful
transmission at their first access attempt. A way of reducing the probability of
preamble collision is to increase the PRACH opportunities by applying a higher PRACH
periodicity, even though this will clearly increase the UL resource utilization and take
resources away from other UL data transmissions. An increased PRACH periodicity
implies that each device will experience shorter delays until the first available PRACH
subframe, in order to transmit its preamble, and further the load per PRACH subframe
will be lower and thus the probability of a preamble collision will be reduced.
Specifically, the 99.99" end-to-end delay percentile for URLLC devices can be reduced
to 15.9 ms with the ‘Two-Step RA procedure with Feedback’ in the cost of increasing
the UL resource utilization from 6.1% (with PRACH periodicity two) to 25.3% (with
PRACH periodicity ten). Furthermore, it was observed that a gain of just 1 ms can be
achieved for the more demanding URLLC devices when the PRACH periodicity is
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increased from five to ten and the UL resource utilization is consequently almost
doubled.

¢ Load analysis

A load analysis was carried out for both enhanced two-step RA procedures, for PRACH
periodicities five and ten, in order to assess the performance of the procedure
experienced under different load conditions. The analysis revealed that the
requirement of 10 ms for URLLC devices cannot be met even with as few as 1000
devices (950 non-URLLC and 50 URLLC devices) in the network for either of the
considered PRACH periodicities and procedures. It was further concluded that for
higher network loads, a PRACH periodicity five can be a preferred option (when
compared to PRACH periodicity of ten) if the cost of increasing the delay of non-URLLC
devices well above 50 ms is acceptable. Otherwise, using PRACH periodicity ten for
low to medium loads, offers better results for non-URLLC and URLLC devices,
compared to PRACH periodicity five, at the cost of increasing the UL resource
utilization. This trade-off between the delay of non-URLLC and URLLC devices is
correlated with the used split of preambles. It is noted that, the same general
conclusions can be drawn for both the ‘Two-Step RA procedure with Repetitions’ and
the ‘Two-Step RA procedure with Feedback’, noting that the former performs slightly
worse than the latter.

e Mini-slots

A theoretical analysis of the two-step RA procedure was carried out in order to assess
whether networks that support mini-slots can provide even lower end-to-end delays.
It was concluded that the use of mini-slots can only provide slightly improved end-to-
end delays, considering the fact that the delay is mainly influenced from processing
delays and the used RAR window. Due to this conclusion, no numerical analysis was
carried out for mini-slots.

Overall, in the considered FoF scenario, the ‘Two-Step RA procedure with Feedback’ can
support an end-to-end delay of 50 ms with 99.9% reliability for non-URLLC devices (as defined
by the FoF requirements) while for URLLC devices, an end-to-end delay of 15.9 ms can be
achieved with 99.99%. Therefore, the FoF requirements for non-URLLC devices can be met
while for URLLC devices they cannot (even though there is a significant gain of 64.1 ms), as
the target is 10 ms. It is noted that an end-to-end delay of 10.0 ms with 99.9% reliability can
be achieved for URLLC devices.

6.2 Recommendations and future work

Based on the results and conclusions derived we recommend that the ‘Two-Sep RA procedure
with Feedback’ can replace the conventional RA procedure of Cat-M1 in order to (partially)
support 5G applications for FoF. However, in order to fully achieve the requirements of such
applications, new improvements or different network layout (i.e. addition of a base station or
a carrier) should be considered. It is also noted that even though the requirements for this
particular services in FoF were not met, it can be possible that the ‘Two-Step RA procedure
with Feedback’ can support other types of applications in 5G which do not have such stringent
end-to-end delay requirements.
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For the application of the ‘Two-Step RA procedure with Feedback’ the edt-TBS should be
defined as well as the number of preambles to be reserved for URLLC transmissions. It is
reminded that edt-TBS defines the number of devices that can transmit their UL data on non-
overlapping PRBs on the PUSCH, in one subframe. The size of edt-TBS is defined based on the
URLLC UL data size and the propagation environment, which eventually will influence the MCS
of each device. For example, for a propagation environment with good channel conditions
(maximum MCS can be achieved) and URLLC UL data of 40 bytes, the edt-TBS can be set to 69
bytes, which will allow nine URLLC devices transmitting simultaneously on the PUSCH on non-
overlapping PRBs. The number of preambles that need to be reserved for URLLC devices for
an optimum end-to-end delay performance is related to the choice of the PRACH periodicity.
Therefore, we recommend that analysis regarding the edt-TBS and the preamble reservation
should be carried out before an actual deployment of the two-step RA procedure as a
different network layout and traffic model might significantly change the configuration.

For applications where low to medium load is expected, the ‘Two-Step RA procedure with
Feedback’ is recommended to be used with PRACH periodicity ten as this periodicity offers
the lowest end-to-end delays regarding the 99.9%™ and 99.99% end-to-end delay percentile for
non-URLLC and URLLC devices respectively, with the cost of high UL resource utilization.
Additionally, for applications where high load is expected and the end-to-end delay
requirement for non-URLLC devices can be relaxed, the ‘Two-Step RA procedure with
Feedback’ is recommended to be used with PRACH periodicity five as this periodicity offers
lower end-to-end delays for URLLC devices compared to PRACH periodicity ten in the cost of
increasing the end-to-end delay for non-URLLC devices.

Overall, the ‘Two-Step RA procedure with Feedback’ improves significantly the end-to-end
delay for both non-URLLC and URLLC devices even though the target of 10 ms delay with
99.99% reliability for URLLC devices cannot be achieved for this particular scenario. The
bottleneck of the two-step RA procedure is the collision probability during a PRACH
opportunity and therefore the target can be achieved only if this collision probability is further
reduced, e.g. with a wider carrier that supports multiple PRACHs. Additionally, the preamble
collision probability does not apply to networks that support NOMA as the RA stage can be
completely eliminated (as also presented in the literature Section 1.7) and thus for such
demanding applications (where the 99.99t" end-to-end delay percentile cannot be relaxed to
16 ms), NOMA schemes are recommended instead of the two-step RA procedure (see also
future work below).

Based on the above, some suggestions for future work are given:

e Propagation environment

For this study the simplification of ignoring multipath fading was made and therefore
the variability of the propagation loss is somewhat limited which consequently lead to
a better coverage in the network than in reality. It is thus recommended to integrate
a more realistic propagation environment to the simulator and study the effect of a
harsh industrial environment to the studied RA procedures. Furthermore, different
factory environments can be studied e.g. factories where highly absorbent materials
are used. It is reminded that the propagation environment influences the choice of
edt-TBS in the two-step RA procedures which can influence the performance of the
procedures significantly.
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Due to the good coverage that was derived from the propagation environment used
in this study, all devices were configured with the same coverage level (i.e. CE level 0)
as they were experiencing low propagation losses. However, in scenarios with worse
coverage, there could be devices in different CE levels and thus a different
configuration, with repetitions of each message, for the RA procedure will be
applicable. It is therefore expected that the end-to-end delay will be significantly
higher and thus a study about the performance of the studied RA procedures is
recommended in order to quantify how robust to different configurations these
procedures are.

Optimizing the two-step RA procedure

The end-to-end delay in the two-step RA procedure is mainly influenced by the
processing delays and the ACK timer/RAR window. Therefore, it is recommended to
develop a new faster receiver implementation at the base station in order to reduce
the processing delay. This decreased delay (especially of the ACK timer/RAR window),
is expected to reduce significantly the end-to-end delay experienced by URLLC devices.
It is noted that a faster receiver at the base station can of course benefit all devices in
the network, even the non-eMTC ones, although the principal benefit is of course
experienced by devices supporting delay-sensitive applications.

Furthermore, an extra study can indicate a consistent and efficient way of matching
the preambles to the PRBs on the UL channel such that the probability of collision on
the data transmission phase will be minimized.

Additionally, wider carriers (e.g. 100 MHz at 3.5GHz band) can support the
simultaneous transmission of more than nine URLLC devices on non-overlapping PRBs
on the PUSCH and thus the probability of collision during the data transmission will be
reduced. This reduction of collision probability will consequently reduce the end-to-
end delay for URLLC devices. Wider carriers can also be combined with multiple Radio
Access Technology (multi-RAT) networks, where devices can make use of the PRACH
on different carriers. In general, with wider carriers and multi-RAT, an offload of non-
URLLC traffic can be achieved during peaks of URLLC transmissions which will finally
result in better performance.

Non-Orthogonal Multiple Access (NOMA)

In Section 1.7, NOMA was introduced and based on literature it was presented as a
promising approach for applications that require massive connectivity and ultra-low
delays. Therefore investigations on NOMA procedures are recommended for future
work in order to quantify the performance of such procedures and compare it to the
one achieved with the OMA procedures studied.
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Appendix A SNR-TBS curves for Cat-M1

The curves that define the TBS based on the SNR are based on BLER curves such that BLER <
10%. The BLER curves, as shown in Figure A-1, are based on [56] and indicate the maximum
SNR value per Channel Quality Indicator (CQl) such that BLER < 10%. However, these curves
are drawn for LTE and not for Cat-M1 and thus further processing was needed.
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Figure A-1 - BLER curves for SISO AWGN channel in LTE for CQl 1-15.

For those values and with the use of Table 7.2.3-1 in [50], the bit rate is derived based on the
code rate and it is shown in Figure A-2 (LTE curve). Furthermore, it can also be derived that
the LTE CQls are comparable to Cat-M1 MCS 0-15 and thus to TBS Index 0-14, by using Table
8.6.1-2 and 7.2.31 in [50]. Therefore, a polynomial curve is fitted based on the LTE CQl bit
rates which matches the TBS with the SNR. Then, with the use of the TBS for Cat-M1 and the

fitted curve, the SNR values were derived and the final SNR-TBS curve for Cat-M1 is defined
as shown in Figure A-2.
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Figure A-2 - Bit Rate/TBS based on SNR in LTE and Cat-M1.
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Appendix B Configuration of the two-step
RA procedure

All the intermediate results used for the definition of the end-to-end delays with different
PRACH periodicities in the ‘Two-Step RA procedure with Repetitions’ are presented in this
Appendix. For each of the PRACH periodicities, the preamble split between non-URLLC and
URLLC devices is derived based on a preamble analysis on an idealistic scenario. Then, based
on that particular preamble split, the number of required number of repetitions is derived as
in Section 5.5.2. It is noted that the preamble analysis needed for the ‘Two-Step RA procedure
with Feedback’ is similar to the one for the ‘Two-Step RA procedure with Repetitions’.

e PRACH Periodicity 3

The preamble split analysis for PRACH periodicity three is presented in Figure B-1 and it can
be derived that the best choice is to reserve 35 preambles for URLLC devices and 29
preambles for non-URLLC devices. Furthermore, Figure B-2 presents the impact of repetitions
of URLLC UL data on the end-to-end delay and it can be deduced that two consecutive
transmissions of the URLLC UL data can provide the same results as in the idealistic scenario
where no collisions on the data were happening.

End-to-End Delay for non-URLLC Devices 100 End-to-End Delay for URLLC Devices
100
Wmm 50th Percentile mmm 50th Percentile
99.9th Percentile 99.9th Percentile
99.99th Percentile 99.99th Percentile
75 A 754
z - - - 3
& )
3 [T
o ]
D 50 e e e T 50
i = — g
2 s
& g
257 25 ]:
- = - = =
0 J l l o I | |

T T T T T
34/30 29/35 9/55 34/30 29/35 9/55
Preamble Split (non-URLLC/URLLC) Preamble Split (non-URLLC/URLLC)

Figure B-1 - Preamble analysis for the ‘Two-Step RA procedure with Repetitions” and PRACH periodicity three for non-URLLC
devices (left) and URLLC devices (right).
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Figure B-2 - Impact of transmitting the URLLC UL data multiple times on the end-to-end delay for non-URLLC devices (left) and
URLLC devices (right) while using PRACH periodicity three.
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e PRACH Periodicity 5

For PRACH periodicity five, the results of the preamble analysis are illustrated in Figure B-3
and it is deduced that the best choice is to reserve 50 preambles out of the available 64 for
the URLLC transmissions. It is noted that a lower 99.9™ percentile can be achieved compared
to PRACH periodicity three, although this requires a higher preamble split than for PRACH
periodicity three. However, due to the high number of preambles reserved for URLLC devices,
more data collisions are expected to occur on the PUSCH as more preambles match to the
same PRBs compared to PRACH periodicity three. This behavior is reflected on the repetitions
analysis in Figure B-4, as with two consecutive transmissions of the URLLC UL data the 99.9t
end-to-end delay percentile is uncertain (as a wide Cl applies). It can also be that using three
repetitions increases the delay instead of reducing it. This increase of delay is caused from
the fact that there are data collisions occurring on the PUSCH from devices that transmitted
their preambles in different PRACH subframes as the PRACH periodicity is increased. An
example illustrating this follows:

The PRACH subframes when devices are able to transmit their preambles are subframes
#1, #3, #5, #7, #9, #11, ... . A URLLC device which transmits its preamble with value 10 in
subframe #1 will transmit its UL data three times, in subframes #5, #6 and #7. Another
URLLC device, transmits its preamble with value 10 in subframe #3 and thus it transmits
its UL data in subframes #7, #8 and #9. Therefore, the UL data of both devices will collide
during subframe #7 even though they initiated the RA procedure in different subframes.
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Figure B-3 - Preamble analysis for the ‘Two-Step RA procedure with Repetitions’ and PRACH periodicity five for non-URLLC
devices (left) and URLLC devices (right).
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Figure B-4 - Impact of transmitting the URLLC UL data multiple times on the end-to-end delay for non-URLLC devices (left) and
URLLC devices (right) while using PRACH periodicity five.

e PRACH Periodicity 10

The best preamble split for PRACH periodicity ten, is 25 preambles for URLLC transmissions
and 39 preambles for non-URLLC as shown in the preamble analysis in Figure B-5. For this
preamble split, the repetition analysis is carried out with the results presented in Figure B-6.
The results obtained from transmitting the URLLC UL data twice achieves a 99.9t" end-to-end
delay percentile with uncertainty (wide Cl). This behavior is due to the high value of the
PRACH periodicity as there are data collisions on the PUSCH between devices that transmitted
their preamble in different PRACH subframes (same behavior as with three transmissions for
PRACH periodicity five). Therefore, using three transmissions for the URLLC UL data increases
further the delay instead of decreasing it, as more collisions on the data happen, as also
illustrated in Figure B-6. Thus, the best number of times for transmitting the URLLC UL data is
two.
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Figure B-5 - Preamble analysis for the ‘Two-Step RA procedure with Repetitions’ and PRACH periodicity ten for non-URLLC
devices (left) and URLLC devices (right).
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End-to-End Delay for non-URLLC Devices
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Figure B-6 - Impact of transmitting the URLLC UL data multiple times on the end-to-end delay for non-URLLC devices (left) and
URLLC devices (right) while using PRACH periodicity ten.
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