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ABSTRACT

The idea of efficient communication outside of coverage of base stations have
been discussed for a long time. The most suitable solution for this idea has been
the ability to extend the communication through devices. In theory, it would
be necessary for just one device to be in the coverage of the base station, and
the communication could be further extended by hopping from device to device.
These communications are called device-to-device communications. Multiple
different technologies could be used to solve this task, such as Wi-Fi, Bluetooth
and sidelink.

Especially when it comes to high mobility and reliability dependent use
cases, technologies such as Wi-Fi are simply not capable. This is where the
sidelink technology comes in. The sidelink is a communication technology
that allows devices to communicate with each other directly, without the need
for a cellular network. This technology utilizes the frequency spectrum and
enables high-speed, low-latency communication between devices. It has numerous
potential applications, including vehicle-to-vehicle communication, machine-type
communication, and local area networking.

In this thesis, technical characteristics of 5G NR sidelink and its potential
applications and challenges are considered. The overview of the ongoing
standardization efforts and the deployment status of this technology are
discussed. The efficiency of the sidelink technology is evaluated and compared
to the existing technologies. The sidelink related future updates are discussed and
their effect on the current specification is evaluated.

Keywords: 3GPP, Release 16, Release 17, Telecommunications, wireless
communications, cellular modem, V2X
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TIIVISTELMÄ

Tukiasemien kantavuuden ulkopuolelle yltävistä verkkoyhteyksistä on
keskusteltu jo pitkään. Potentiaalisesti toimivin ratkaisu olisi kasvattaa
kantavuutta kannettavien laitteiden kautta. Teoriassa tukiaseman kantaman
sisällä tarvitaan vain yksi laite, jonka avulla yhteys voitaisiin kuljettaa laitteelta
toiselle tukiaseman kantaman ulkopuolella. Tämänlaisia yhteyksiä kutsutaan
suoriksi laitteelta laitteelle yhteyksiksi. Kyseiset yhteydet voitaisiin toteuttaa
useilla eri teknologioilla, kuten Wi-Fi:llä, Bluetooth:lla tai sidelink:llä.

Erityisesti suurta liikkuvuutta ja luotettavuutta vaativiin käyttökohteisiin
Wi-Fi ei ole riittävän tehokas. Tämänlaisissa käyttökohteissa sidelink voisi
toimia sopivana Wi-Fi:n korvaajana. Sidelink-teknologia antaa laitteille
mahdollisuuden kommunikoida suoraan toistensa kanssa. Nämä yhteydet eivät
vaadi matkapuhelinverkkoa toimiakseen. Sidelin-teknologialla mahdollistetaan
nopeat, luotettavat ja matalan latenssin yhteydet laitteiden välillä. Sidelink
mahdollistaa useita moderneja käyttökohteita, kuten ajoneuvojen väliset
yhteydet.

Tässä diplomityössä sidelinkin ominaisuuksia käydään läpi. Potentiaalisia
sovellutuksista ja teknologiaan liittyvistä haasteista keskustellaan. Käynnissä
olevat standardisoinnit käydään tärkeimmiltä osiltaan läpi. Sidelink-teknologian
toimivuutta verrataan olemassa oleviin vastaaviin teknologioihin. Myös LTE ja
NR versioiden eroja käydään läpi. Myös tulevia muutoksia ja standardisointeja
tarkastellaan.

Avainsanat: 3GPP, Release 16, Release 17, tietoliikenne, langaton tiedonsiirto,
matkapuhelinmodeemi, V2X



TABLE OF CONTENTS

ABSTRACT
TIIVISTELMÄ
TABLE OF CONTENTS
FOREWORD
LIST OF ABBREVIATIONS AND SYMBOLS
1. INTRODUCTION....................................................................................... 9

1.1. Scope of the Thesis ............................................................................. 10
2. EXTENDING THE LOCAL RANGE OF WIRELESS COMMUNICATION . 11

2.1. Sidelink Scenarios .............................................................................. 11
2.2. The RF Properties of the Sidelink UEs ................................................. 12
2.3. Known Use Cases for Sidelink Technology .......................................... 13

2.3.1. Vehicle-To-Everything (V2X) .................................................. 13
2.3.2. Vulnerable Road Users ............................................................ 14
2.3.3. Industrial Automation and Remote Control ............................... 14

2.4. Summary............................................................................................ 14
3. 3GPP SIDELINK STANDARDIZATION..................................................... 15

3.1. Different Cast Types in Sidelink Communications ................................ 16
3.2. Physical Sidelink Channels and Signals................................................ 17
3.3. Sidelink HARQ .................................................................................. 18
3.4. Synchronization on Sidelink Communications ...................................... 18
3.5. PC5 and Uu in Sidelink Communications ............................................. 18
3.6. Sidelink Layer-2 ID ............................................................................ 19
3.7. Sidelink Resource Allocation............................................................... 19
3.8. Sidelink Bandwidth Parts and Resource Pools ...................................... 20
3.9. Sidelink Related Radio Bearers............................................................ 20
3.10. Differences and Coexistence Between LTE and NR Sidelink ................. 20
3.11. System Information Blocks for Sidelink ............................................... 21
3.12. Summary............................................................................................ 22

4. 3GPP SIDELINK PROTOCOL DESIGN ..................................................... 23
4.1. Sidelink Protocol Stack ....................................................................... 23

4.1.1. User Plane Protocol Stack ........................................................ 24
4.1.2. Control Plane Protocol Stack.................................................... 25

4.2. RRC Signaling ................................................................................... 25
4.2.1. RRC Connection Establishment for Sidelink ............................. 26
4.2.2. RRC Reconfiguration .............................................................. 27

4.3. Connection Establishment ................................................................... 28
4.3.1. Unicast Communication Establishment..................................... 28

4.4. Radio Resource Allocation .................................................................. 28
4.5. Controlling of the Sidelink UEs ........................................................... 29

4.5.1. Connected Sidelink UEs .......................................................... 29
4.5.2. Idle and Inactive UEs............................................................... 30

4.6. Sidelink UE Information ..................................................................... 30
4.7. Sidelink Synchronization Information .................................................. 31



4.8. Sidelink Radio Bearer Management ..................................................... 32
4.8.1. DRB Management................................................................... 32
4.8.2. SRB Management ................................................................... 33

4.9. Sidelink UE Capability Transfer .......................................................... 33
4.10. Summary............................................................................................ 33

5. UE FUNCTIONALITY............................................................................... 34
5.1. Radio Capabilities............................................................................... 34
5.2. Handling of Uplink and Downlink between Tx UE and Rx UE .............. 34
5.3. UE Scheduling and Synchronization .................................................... 35
5.4. Summary............................................................................................ 38

6. EXPERIMENTATION AND EVALUATION................................................ 39
6.1. Comparing 5G NR Sidelink and Wi-Fi ................................................. 39

6.1.1. Licensed Spectrum .................................................................. 39
6.1.2. Proximity................................................................................ 40
6.1.3. Efficiency ............................................................................... 41
6.1.4. Latency................................................................................... 42
6.1.5. Reliability ............................................................................... 42
6.1.6. Security .................................................................................. 42
6.1.7. Simulation Results .................................................................. 43

6.2. Sidelink Improvements Over Rel-17 .................................................... 43
6.2.1. Power Saving .......................................................................... 43
6.2.2. Enhanced Reliability ............................................................... 44
6.2.3. Enhanced Coverage with Sidelink Relay ................................... 44

6.3. Summary............................................................................................ 45
7. DISCUSSION AND FUTURE DEVELOPMENT ........................................ 46
8. SUMMARY ............................................................................................... 47
9. REFERENCES ........................................................................................... 48



FOREWORD

I am grateful for the opportunity to complete this thesis for MediaTek Wireless Finland
and would like to thank all of my colleagues for supporting me on this journey.
Especially Antti Kangas for actively providing good insights and technical guidance.

I would also like to thank my supervisors Olli Silvén and Tuomo Hänninen for giving
support throughout the entire process of writing this thesis. Also special thanks to
Kimmo Kärkkäinen for providing help with LaTeX related issues whenever necessary.

The support I have received from friends and family has also been extremely
valuable and I would like to thank them all for that.

Oulu, 7th June, 2023

Lassi Perälä



LIST OF ABBREVIATIONS AND SYMBOLS

3GPP 3rd Generation Partnership Project
ACK Acknowledgment
AM Acknowledged Mode
ARIB Association of Radio Industries and Businesses
BWP Bandwidth Part
C-DRX Connected Mode Discontinuous Reception
CAM Cooperative Awareness Message
CBR Channel Busy Ratio
CCSA China Communications Standards Association
CN Core Network
CQI Channel Quality Indicator
CR Channel Occupation Ratio
CSI Channel State Information
D2D Device-to-Device
DMRS Demodulation reference signal
DRB Data Radio Bearer
DRX Discontinuous Reception
DSRC Dedicated Short Range Communications
eNb eNodeB
ETSI European Telecommunications Standards Institute
ETSI European Telecommunications Standards Institution
FDD Frequency Division Duplex
gNb gNodeB
GNSS Global Navigation Satellite System
GSM Global System for Mobile Communications
HARQ Hybrid automatic repeat request
IoT Internet of Things
ITU International Telecommunication Union
LBT Listen Before Talk
LTE Long Term Evolution
MAC Medium Access Control
MCS Modulation and Coding Scheme
MIMO Multiple-Input Multiple-Output
MIMO Multiple-input-multiple-output
mMIMO Massive Multiple-Input Multiple-Output
MU-MIMO Multi-user Multiple-Input Multiple-Output
NACK Negative-Acknowledgement
NLOS Non-line of Sight
NR New Radio
NSA Non-Standalone
OBU On-Board Unit
OFDM Orthogonal Frequency Division Multiplexing
PDCP Packet Data Convergence Protocol
PDU Protocol Data Unit



PDU Protocol Data Units
PHY Physical Layer
ProSe Procimity Services
PRR Packet Reception Ratio
PSBCH Physical Sidelink Broadcast Channel
PSCCH Physical Sidelink Control Channel
PSFCH Physical Sidelink Feedback Channel
PSSCH Physical Sidelink Shared Channel
PT-RS Phase-Tracking Reference Signal
QoS Quality of Service
RAN Random Access Network
RAT Radio Access Technology
RI Rank Indicator
RLC Radio Link Control
RRC Radio Resource Control
RSRP Reference Signal Received Power
RSU Roadside Units
SA Standalone
SBCCH Sidelink Broadcast Control Channel
SCS Sub-carrier Spacing
SDAP Service Data Adaptation Protocol
SDR Software Defined Radio
SIB System Information Block
SL Sidelink
SL DRB Sidelink Data Radio Bearer
SL SRB Sidelink Signalling Radio Bearer
SLRB Sidelink Radio Bearer
SLSS Sidelink Synchronization Signal
SPSS Sidelink Primary Synchronization Signal
SRB Signalling Radio Bearer
SSB Synchronization Signal Block
SSSS Sidelink Secondary Synchronization Signal
SyncRef Synchronization Reference
TDD Time Division Duplex
TETRA Terrestrial Trunked Radio
TM Trnasparent Mode
TTA Telecommunications Technology Association
UE User Equipment
UM Unacknowledged Mode
UMTS Universal Mobile Telecommunications System
V2I Vehicle-to-Infrastructure
V2N Vehicle-to-Network
V2P Vehicle-to-Pedestrian
V2V Vehicle-to-Vehicle
V2X Vehicle-to-Everything
VRU Vulnerable Road Users



9

1. INTRODUCTION

Although wireless 5G networks have improved a lot in the recent years, there are still
multiple challenges and improvements that could potentially be solved. Most of the
challenges are related to the coverage, latency, bandwith, power saving and mobility of
the User Equipment (UE) connected to the wireless 5G networks. The 5G NR Sidelink
feature has been studied ever since 2015 as a potential solution for these issues.

The idea of sidelink is to give UEs the possibility to use the so called, Device-to-
Device (D2D) communication model. In this communication model the UEs would
communicate directly and independently with each other. This model gives the
possibility for the UEs to extend their communications beyond the coverage of 5G
base stations as they would not be necessary for the transmission and reception of
the data. The Figure 1 represents the basic idea of expanding the coverage of the
communications by using sidelink.

Figure 1. Basic working principle of sidelink technology.

The first usages of similar communications models is commonly known as
Terrestrial Trunked Radio (TETRA) [1]. It was standardized by European
Telecommunications Standards Institute (ETSI) back in 1995. TETRA was mostly
designed to be used for emergency services, public safety networks and military
services. TETRA uses TETRA Mobile Stations (MS) for increasing the coverage of
devices. Although the idea is very similar to D2D communications, TETRA can not
be counted as a direct device-to-device communication method.

The first usage of the actual D2D communications were introduced in the 3rd
Generation Partnership Project (3GPP) Rel-12 and the first use case was the so called
proximity services (ProSe) [2]. ProSe uses LTE cellular technologies to set up a D2D
communication. Unfortunately, ProSe was not successful due to the LTE devices not
being able to output high enough power levels.

However, the more modern use case for the D2D communications could be, for
example, the Vehicle-to-Everything (V2X). The LTE V2X was introduced in the 3GPP
Rel-14 [3] and the enhanced 5G NR V2X standards were introduced in the 3GPP Rel-
16 [4]. In the V2X, the sidelink feature is used to create D2D communications between
vehicles and other vehicles, pedestrians, infrastructure and network.
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1.1. Scope of the Thesis

In this thesis, the 5G NR sidelink related 3rd Generation Partnership Project (3GPP)
standardization will be studied and discussed. The main scope of focus will be the
protocol stack of a modern UE. Although discussions related to the 5G NR standard
were started under Rel-15, The sidelink feature was specified in the Rel-16 and further
enhancements for the sidelink technology were added in the Rel-17 and Rel-18.

The objectives of this theses are to give the readers basic knowledge of the sidelink
feature and its impacts on the UE protocol stack. The different sidelink scenarios
will be studied and explained though known use cases. Although the thesis will be
highly focused on 5G NR, the main differences between NR and LTE will be compared
and discussed throughout the thesis. After understanding the basics of NR sidelink,
the feature’s specifications will be applied on a modern UE. The performance of NR
sidelink will be evaluated and compared between similar solutions such as Wi-Fi and
LTE sidelink. The thesis ends with discussions related to the future development of
sidelink.
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2. EXTENDING THE LOCAL RANGE OF WIRELESS
COMMUNICATION

Sidelink standardization is an important aspect of modern wireless communication
technology. It refers to the process of defining and implementing the technical
specifications for the transmission of data between two or more devices using sidelink
communication. Sidelink communication, also known as peer-to-peer communication,
allows devices to communicate directly without the need for a cellular network or
access point. This is particularly useful in scenarios where the cellular network is
unavailable or congested, such as during natural disasters or large public events.

The standardization of sidelink technology ensures that different devices
are able to communicate with each other seamlessly and reliably. Without
standardization, different devices may use different communication protocols,
resulting in compatibility issues and reduced performance. One of the main
organizations responsible for sidelink standardization is the 3rd Generation Partnership
Project (3GPP), which is a collaboration of telecommunications associations around
the world.

The 3GPP has developed technical specifications for the sidelink communications
and this framework defines the communication protocols and frequencies that should
be used for sidelink. The standardization of sidelink technology also enables
the development of new applications and services that can take advantage of
sidelink communication. For example, this allows the creation of vehicle-to-vehicle
communication systems, which can be used for collision avoidance and traffic
management.

2.1. Sidelink Scenarios

The sidelink feature enables modern User Equipment (UEs) to communicate with each
other directly, without going through a central network. The sidelink feature can work
on modern UEs in multiple different ways depending on the situation that the UEs are
in. These different situations are called sidelink scenarios.

In the most common situation, both of the UEs are connected to basestation
providing network service. They are still able to transfer some sort of data between
each others through direct device-to-device sidelink communications. This type of
scenario is visualized in Figure 2a.

In the second scenario, only one of the UEs is actively communicating with the base
station. The other UE has no connection to the base station. This means that only
one of the UEs is able to transfer data over the network. However, despite the lack of
communication between the base station and the other UE, the communications can be
extended to the that UE through the direct device-to-device sidelink communications.
This scenario can be seen in Figure 2b.
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(a) (b)

Figure 2. Sidelink scenarios (a) in coverage and (b) in partial coverage.

In the third scenario the UEs are communicating completely out of the coverage of
the base stations. This means that the UEs are not able to establish connections with
the traditional data transmission infrastructures. This leads to the scenario where the
communication between the UEs is completely device-to-device sidelink based. The
third scenario is displayed in Figure 3.

Figure 3. Sidelink out of coverage scenario.

2.2. The RF Properties of the Sidelink UEs

When the UEs are working with sidelink communications it is necessary for them to
have some properties similar to the properties of common base stations. Each of the
Sidelink UEs have to be able to transmit and receive data. When discussing about
transmitting and receiving data between UEs, the terms Transmitting UE (Tx UE)
and Receiving UE (Rx UE) are commonly used. The Tx UEs will send data, which
will be respectively processed and decoded by the Rx UEs. The roles of the UEs
are highly communication dependent. In some cases the sidelink UE might only act
as Tx UE or Rx UE. However, in other cases the UE could have both of these roles
simultaneously. A good example of this could be a case, where there is a need for
bidirectional communication.

The Tx UEs send their data in the form of radio signals that are optimized especially
for short-range direct communication between UEs. The structure for radio frames,
sub frames and slots are the same as they are for the NR uplink/downlink [5].

Sidelink communications may utilise both licensed and unlicensed radio spectrum,
depending on the sidelink UE capabilities, available radio spectrum, network
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configuration and local regulatory requirements. The usage of unlicensed spectrum can
be seen as a benefit especially in situations where the usage of licensed spectrum might
be limited. However, there are some challenges that have to be taken into account,
such as implementing the fair use rules. Features such as listen before talk might be
necessary for the usage of unlicensed spectrum, but are not necessary while using the
licensed spectrum.

2.3. Known Use Cases for Sidelink Technology

There are multiple different use cases for the sidelink technology and it could
potentially be used as an alternative or improved option for existing use cases. The
most discussed use cases will be introduced in this section.

2.3.1. Vehicle-To-Everything (V2X)

Vehicle-to-Everything (V2X) is a commonly used term for the communications
between vehicles and other entities. These entities could be other vehicles,
infrastructure or pedestrians. The V2X technology gives the vehicles ability to
communicate with its surroundings. The safety and efficiency of the daily traffic could
potentially be improved a lot with this technology. V2X also gives the developers
ability to generate new services and applications for the users of the V2X supported
vehicles. The V2X communications can be divided into subcategories based on the
entity it is communicating with, as show in Figure 4 and can be implemented with
multiple different technologies. As of Rel-16. the 5G NR Sidelink communications
have been seen as a good candidate for the V2X.

The first entity to communicate with, is other vehicles. Vehicle-to-Vehicle (V2V)
communications give the vehicles the ability to communicate with each other in real-
time. The information of the properties of the moving vehicles could be exchanged.
This information could be for example the speed, direction or location of the vehicles.
The most useful use case is highly based on safety as V2V could potentially decrease
the risk of crashes. Other use cases such as cooperative driving or platooning [6] are
also possible.

The next entity for the vehicles to interfere with are infrastructure in Vehicle-to-
Infrastructure (V2I). By using V2I, the vehicles are able to communicate with their
inanimate surroundings. These could be something like the roads, buildings, traffic
lights, road signs and parking garages. The main usage for V2I is the improvement of
traffic flow and it could potentially improve the overall city planning in the future.

In Vehicle-to-Pedestrian (V2P) communications the vehicles are communicating
with pedestrians that are wearing devices suitable for V2P. These devices could be
anything wearable, such as smartwatches or smartphones. V2P could improve the road
safety by a lot with features such as pedestrian collision warning [7] and emergency
vehicles warning [8]. In some situations, the knowledge of quantity and movement of
the pedestrians could also improve the overall traffic.

The final entity for the vehicles to communicate, is the network in Vehicle-to-
Network (V2N) communication. In this type of communication the vehicles would be
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connected to the cellular networks and the internet. Having this type of access would
give the users of the vehicles a very large variety of services and applications. The main
use cases are therefore entertainment based, but also services that are location-based
could be useful.

Figure 4. Vehicle-to-Everything.

2.3.2. Vulnerable Road Users

Another highly discussed topic is the public safety enhancements based on sidelink
technology. Especially V2X could be further extended to the non-vehicular road users.
These so called Vulnerable Road Users (VRU) could be connected to V2X vehicles
with sidelink technology. The quick sidelink communications could be then used to
create automatized collision avoidance algorithms.

2.3.3. Industrial Automation and Remote Control

The industrial environments is an other important topic. It is a lot easier to implement
the working sidelink technology on a smaller, more connected setting. It is feasible to
state that industrial environments are going to be one of the most important commercial
use cases for the sidelink technology. It is always easier to update all of the older UEs
with sidelink compatible UEs within certain working site. On the other hand, it might
take a longer while for the public roads and cities to be compatible with sidelink.

In the industrial environments sidelink could potentially play a tremendous role in
increasing the safety of the vehicles operating on the site. Sidelink could also be used to
minimize the unnecessary wear of more expensive machinery and vehicles. Industrial
environments also contain a lot of Internet of Things (IoT) based equipment, which
could very much benefit from sidelink technology.

2.4. Summary

NR sidelink is another way to extend the range of wireless communications. The
sidelink technology has the capabilities to perform inside and outside of coverage of
gNB/eNB and GNSS. Similar technology, such as Wi-Fi, already exist. Sidelink still
has the outperforming potential especially when it comes to the mobility of the sidelink
capable UEs compared to Wi-Fi based UEs. There are couple of existing use cases for
device-to-device communications, but the most notable ones are based on vehicles and
VRUs.
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3. 3GPP SIDELINK STANDARDIZATION

The 3rd Generation Partnership Project (3GPP) is an international collaboration
between organizations that work together to develop global standards for mobile
telecommunications. 3GPP is the collaboration of telecommunications associations,
including the Association of Radio Industries and Businesses (ARIB), the China
Communications Standards Association (CCSA), the European Telecommunications
Standards Institute (ETSI), the International Telecommunication Union (ITU), and the
Telecommunications Technology Association (TTA).

One of the key achievements of 3GPP has been the development of the New
Radio (NR) standard, which is the successor to LTE. 5G NR is a high-speed wireless
technology that allows for faster data transfer rates, improved network capacity, and
better coverage. This has greatly enhanced the user experience for mobile devices,
allowing for seamless streaming of video and audio, faster download and upload
speeds, and improved voice quality.

In addition to LTE and NR, 3GPP has also developed several other standards for
mobile telecommunications, such as the Global System for Mobile Communications
(GSM) and the Universal Mobile Telecommunications System (UMTS). These
standards have helped to ensure that mobile devices are able to communicate with each
other and with network infrastructure, regardless of the location or network provider.

One of the main benefits of 3GPP is its focus on interoperability. By developing
global standards, 3GPP ensures that mobile devices from different manufacturers and
network providers are able to work together seamlessly. This has greatly improved the
user experience and has allowed for the growth of the mobile market, as users are no
longer limited to a single manufacturer or network provider.

Another benefit of 3GPP is its commitment to continuous improvement. As
technology and user needs evolve, 3GPP regularly updates its standards to ensure
that they remain relevant and effective. This has allowed for the development of new
technologies, such as 5G NR sidelink. The 3GPP has been working on the 5G NR
sidelink feature for multiple years now. The most sidelink relevant 3GPP releases can
be seen in the Table 1.

Table 1. Important 3GPP releases related to Sidelink
Release Year Content
Rel-8 2008 LTE
Rel-12/13 2014 ProSe
Rel-14 2017 LTE-V2X
Rel-15 2018 PC5 improvements
Rel-16 2020 NR-V2X
Rel-17 2022 End-to-end enhancements
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3.1. Different Cast Types in Sidelink Communications

One important attribute of the sidelink communications are the cast types. LTE and
NR sidelink both support different variety of cast types and they will be discussed in
this section.

In LTE sidelink only broadcast communication was supported. In that type of
communication the transmitter UE sends messages to all other UEs that might be able
to decode them. The important thing to note here, is that the transmitter UE is not
able to select which UEs the messages are being sent. As seen on the Figure 5a the
transmitter UE A is sending the messages to every single one of the other UEs B-G.

The broadcast cast type had its limitations on use cases where, for example,
Cooperative Awareness Message (CAM) messages had to be broadcasted [9]. This
was fixed for 5G NR Sidelink. On top of broadcasting cast type, the NR sidelink also
supports unicast and multicast. The unicast cast type is quite simple. Two UEs have a
direct communication between each other. The multicast (also known as groupcast)
is quite similar to broadcasting. The main difference is that in the multicast, the
transmitter UE is able to send messages to certain group of receivers based on certain
conditions. As seen in Figure 5b, the transmitter UE A is only sending messages to
UEs B, D, E and G. The usage of two separate cast types gives the NR sidelink larger
range of applications.

The advantage of NR sidelink over the LTE sidelink is the possibility to use HARQ
messages. They are used for re-transmissions of messages based on the feedback given
by the Rx UE. In the NR supported multicast and unicast communications, the usage
of HARQ messages has been implemented. As the LTE does not support HARQ, the
broadcast type is not capable of using HARQ messages.

(a) (b)

Figure 5. The communication differences between (a) Broadcast communications and
(b) Multicast communications.



17

3.2. Physical Sidelink Channels and Signals

There are several physical channels and signals specified in the TS38.211 [5] that make
sidelink communications possible. Each of them have their own usages and every one
of them will be discussed.

• Physical Sidelink Broadcast Channel (PSBCH). It is a special type of channel
that is used to broadcast synchronization related information to support sidelink
communication between UEs. This information contains data related to timings
and frequencies. Also the system information required for the decoding of
transmitted data, is transmitted through PSBCH.

• Physical Sidelink Control Channel (PSCCH). As the name suggests, PSCCH’s
main task is to carry control information in the sidelink. Information related to
resource allocation, power control and timing synchronization are transmitted
through PSCCH. Sidelink-specific control information, such as the identities of
intended receivers, are also transmitted through PSCCH.

• The Physical Sidelink Shared Channel (PSSCH). It is used to carry the data
payload and additional control information in the sidelink communications.

• Physical sidelink feedback channel (PSFCH). PSFCH is used to transmit the
HARQ feedback in the sidelink communication. PSFCH is important for the
reliability of the sidelink transmissions.

The following sections refers to the additional signals that were also specified for NR
Sidelink. These signals are meant to enhance the functionality of the sidelink system
by providing additional features and capabilities for the UEs. They are carried in or
associated with the previous channels.

• Demodulation reference signal (DMRS). It is used to decode the associated
sidelink physical channel. The DMRS is sent by using the associated channel
such as PSCCH, PSSCH or PSBCH.

• Sidelink Primary Synchronization Signal S-PSS and Sidelink Secondary
Synchronization Signal S-SSS are used for the synchronization of transmitter
and receiver. Both S-PSS and S-SSS are sent through the S-SSB.

• Channel State Information (CSI) is measured by Sidelink Channel State
Information Reference Signal (SL CSI-RS). The CSI is used to estimate and
report the states between Tx UEs and Rx UEs. PSSCH channel is what SL CSI-
RS is sent within.

• Sidelink Phase-tracking reference signal (SL PT-RS) which is used to cancel the
effects of the phase noises especially in the very high frequencies. SL PT-RS on
the other hand, is sent thought the PSSCH channel.



18

3.3. Sidelink HARQ

Hybrid Automatic Repeat Reqest (HARQ) is wireless communication related
technique that has good improvement on the reliability of data transmission. In the
case of NR Sidelink HARQ is necessary for the reliability of the direct communications
between UEs. HARQ messages are used to confirm that Rx UEs have received the data
from Tx UEs as intended. In a case where the Rx UE notices some sort of error in the
data transmission, a negative acknowledgement (NACK) is sent back to the Tx UE. In
this situation Tx UE retransmits the data with a different version of the same packet.

When it comes to the groupcast communications, there are two options for sending
HARQ feedback. In the first option, only Rx UEs in certain proximity to Tx UEs will
send the HARQ feedback. When the second option is used, all of the Rx UEs will send
the HARQ feedback to the Tx UE.

The HARQ feedback is mainly used to improve the reliability of the sidelink
communication. The sidelink UEs can move around which results unlimited amounts
of varying scenarios and environments. The sidelink technology could be implemented
to protect stationary pedestrians or to keep track of high speed mobile vehicles. The
direct device-to-device feedback ends up being exceptionally useful.

3.4. Synchronization on Sidelink Communications

The synchronization of UEs is essential for the NR sidelink commmunications to work.
There are multiple ways of the UEs to stay synchronized. In coverage sidelink UE can
be connected to base stations that handle the synchronization for the UE. Another
similar solution is the connection to GNSS. GNSS can handle the synchronization of
a UE similarly as gNB/eNB. The last solution is for the out of coverage sidelink UEs.
It is possible to use other sidelink capable UEs as synchronization reference. These
UEs are called Synchronization Reference (SyncRef) UEs. Simply put, the out of
base station and GNSS coverage UEs can use other sidelink UEs as a source for the
synchronization. The sidelink communications will be explained in depth within the
further sections.

3.5. PC5 and Uu in Sidelink Communications

In this section, two very common 5G NR components will be discussed and what
particularly are their tasks in sidelink communications. These two components are Uu
and PC5 interfaces. Uu represents the air interface or the wireless communication link
responsible for handling all of the uplink and downlink data transmissions between a
UE and a base station.

The PC5 interface is used for direct communications between two UEs [10]. The
PC5 interface does not require the usage of base stations for the communications. The
direct device-to-device communications are done over the PC5 interface. When it
comes to the NR sidelink communications, they are also done over the PC5. The
usage of Uu and PC5 interfaces can be seen in Figure 6.
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Figure 6. Uu and PC5 interface.

3.6. Sidelink Layer-2 ID

The Layer-2 IDs are unique identifiers that are used to tell different sidelink
communications apart between UEs. Layer-2 ID is a completely random 16-bit value
that is generated by the source UE. It will be further sent to the receiver UE, which
will then acknowledge it and send a signal back to the source device. This is how
the sidelink communication ios established. The Layer-2 IDs are highly useful as they
allow identification and uniqueness to the different communication links between UEs.

3.7. Sidelink Resource Allocation

For the sidelink technology, there are four existing modes for the communication. The
LTE Sidelink uses the modes 3 and 4 for the resource allocation. In the mode 3 eNB
manages the sidelink communications. This management includes the configuration
and selection of communication resources such as sub-channels. Mode 4 however does
not need any cellular communication support. UE that uses the mode 4 for resource
allocation is able to make decisions autonomously. Mode 4 gives the UE ability to
configure and select communication resources such as sub-channels by itself.

On the other hand, NR Sidelink uses the modes 1 and 2 for the resource allocation of
the communication. The mode 1 is quite similar to the mode 3 that was used with LTE.
In this mode the sidelink radio recources are managed by gNB or eNB. The usage of
mode 1 requires for the UE to be in coverage of base stations. Mode 2 is similar to the
mode 4 used by LTE sidelink communications. Once again, the UE is able to select its
resources. Mode 2 does not require the coverage of a base station.
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3.8. Sidelink Bandwidth Parts and Resource Pools

Bandwidth Part (BWP) refers to a subset of contiguous common resource blocks [5].
The sub-carrier spacing numerology is represented within the BWP configurations.
The transmissions and receptions related to NR sidelink communications should take
place in a single SL BWP.

Radio resource pools limit the radio resources for PSCCH and PSSCH. The radio
resource pools are further used within the autonomous resource allocation Mode 2 of
NR sidelink capable UEs.

3.9. Sidelink Related Radio Bearers

The Sidelink Radio Bearers (SLRB) can be further be categorized into two classes,
which are Sidelink Data Radio Bearers (SL DRB) and Sidelink Signalling Radio
Bearers (SL SRB). These radio bearers are used for data transmission and signaling
of the sidelink communication. The user plane data and signaling is done by SL DRB
and the Control plane data is handled by SL SRB.

3.10. Differences and Coexistence Between LTE and NR Sidelink

Due to LTE being limited to Sub-carrier Spacing (SCS) of 15kHz and NR supporting
multiple SCS (15, 30, 60, 120 and 240 kHz) [11], there are also notable differences
between the slot structures of the NR and LTE sidelink. As seen in Table 2 the NR
sidelink offers multiple different SCS such as 15, 30, 60, 120 kHz. However, the
LTE sidelink only offers the SCS of 15 kHz. Having larger variety of SCS gives the
NR sidelink advantage over LTE sidelink by being able to deliver lower transmission
latency and shorter slots. When it comes to the mmWaves at very high frequencies,
wider SCS are used to adjust the frequency drift of moving transmitters and receivers.
As the frequencies get higher, also the degree of phase noise increases. This noise has
to be corrected and these correction mechanisms are easier to implement with wider
SCS.

Table 2. Sub-carrier spacings for LTE and NR.
µ Sub-carrier spacing (kHz) Standard (LTE/NR) Cyclic prefix
0 15 LTE, NR Normal
1 30 NR Normal
2 60 NR Normal, Extended
3 120 NR Normal

The NR sidelink has the ability to use communications that are receiver to transmitter
based. This gives the NR sidelink the ability to use physical PSFCH channels for the
HARQ feedback. PSFCH channels can not be used on LTE sidelink.

On the protocol stack the main advantage NR sidelink has over LTE, is the usage of
SDAP sub layer. This allows the usage of provision flow-based QoS.
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3.11. System Information Blocks for Sidelink

System Information Blocks (SIBs) are sent from a basestation to the UE. SIB12 is
directly assosciated with sidelink and SIB13 and SIB14 are more V2X specific. The
configuration information such as data fields and descriptions for the SIB12 can be
seen in the Table 3 and for the SIB13 and SIB14 in the Table 4. The entire SIBs can
be seen in the Listing 3.1 for SIB12, SIB13 and SIB14.

Table 3. Fields and descriptions of SIB12.
Field Description
segmentContainer Contains the sgement of encoded SIB12-IEs.

segmentNumber
Identifies the sequence number of a segment of
SIB12-IEs

segmentType Indicates if the segment is last segment or not.
sl-CSI-Acquisition Notifies if the CSI reporting is enabled.
sl-EUTRA-
AnchorCarrierFreqList

Indicates the EUTRA anchor carrier frequency list.

sl-FreqInfoList
Contains the sidelink communication
configuration on some carrier frequencies.

sl-MaxNumConsecutiveDTX
Indicates the maximum number of consecutive
HARQ DTX before triggering sidelink RLF.

sl-MeasConfigCommon Contains measurement configurations.
sl-NR-
AnchorCarrierFreqList

Indicates the NR anchor carrier frequency list.

sl-OffsetDFN
Used with GNSS timing reference for suitabe
timing offset.

sl-RadioBearerConfigList Indicates sidelink radio bearer configurations.

sl-RLC-BearerConfigList
Notifies the priority of sidelink SSB transmission
and reception.

sl-SSB-PriorityN Used to indicate the value of the timer T400.

Table 4. Fields and descriptions of SIB13 and SIB14.
Field Description

sl-Bandwidth
Contains the ul-Bandwidth in E-UTRA
SystemInformationBlockType2 message.

sl-V2X-ConfigCommon
Includes the E-UTRA
SystemInformationBlockType21 message.

tdd-Config
Contains the tdd-Config in E-UTRA
SystemInformationBlockType1 message.

sl-V2X-ConfigCommonExt
E-UTRA SystemInformationBlockType26
message.
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SIB12 − r16 : : = SEQUENCE {
segmentNumber − r16 INTEGER ( 0 . . 6 3 ) ,
segmentType − r16 ENUMERATED { notLas tSegment , l a s t S e g m e n t } ,
s e g m e n t C o n t a i n e r − r16 OCTET STRING

}

SIB12 −IEs − r16 : : = SEQUENCE {
s l −ConfigCommonNR− r16 SL−ConfigCommonNR−r16 ,
l a t e N o n C r i t i c a l E x t e n s i o n OCTET STRING OPTIONAL ,
. . . ,
[ [

s l −DRX−ConfigCommon−GC−BC− r17 SL−DRX−Config −GC−BC− r17 OPTIONAL , −− Need R
s l −DiscConfigCommon − r17 SL−DiscConfigCommon − r17 OPTIONAL , −− Need R
s l −L2U2N− Relay ENUMERATED { s u p p o r t } OPTIONAL , −− Need R
s l − NonRelayDiscovery ENUMERATED { s u p p o r t } OPTIONAL , −− Need R
s l −L3U2N− R e l a y D i s c o v e r y ENUMERATED { s u p p o r t } OPTIONAL −− Need R

] ]
}

SL−ConfigCommonNR− r16 : : = SEQUENCE {
s l − F r e q I n f o L i s t − r16 SEQUENCE ( SIZE ( 1 . . maxNrofFreqSL − r16 ) )

OF SL−FreqConfigCommon − r16 OPTIONAL , −− Need R
s l −UE− S e l e c t e d C o n f i g − r16 SL−UE− S e l e c t e d C o n f i g − r16 OPTIONAL , −− Need R
s l −NR− A n c h o r C a r r i e r F r e q L i s t − r16 SL−NR− A n c h o r C a r r i e r F r e q L i s t − r16 OPTIONAL , −− Need R
s l −EUTRA− A n c h o r C a r r i e r F r e q L i s t − r16 SL−EUTRA− A n c h o r C a r r i e r F r e q L i s t − r16 OPTIONAL , −− Need R
s l − R a d i o B e a r e r C o n f i g L i s t − r16 SEQUENCE ( SIZE ( 1 . . maxNrofSLRB− r16 ) )

OF SL− Rad ioBea re rConf ig − r16 OPTIONAL , −− Need R
s l −RLC− B e a r e r C o n f i g L i s t − r16 SEQUENCE ( SIZE ( 1 . . maxSL−LCID− r16 ) )

OF SL−RLC− Be a r e r Co nf ig − r16 OPTIONAL , −− Need R
s l −MeasConfigCommon− r16 SL−MeasConfigCommon− r16 OPTIONAL , −− Need R
s l −CSI− A c q u i s i t i o n − r16 ENUMERATED { e n a b l e d } OPTIONAL , −− Need R
s l −OffsetDFN − r16 INTEGER ( 1 . . 1 0 0 0 ) OPTIONAL , −− Need R
t400 − r16 ENUMERATED {ms100 , ms200 , ms300 , ms400 , ms600 , ms1000 ,

ms1500 , ms2000} OPTIONAL , −− Need R
s l −MaxNumConsecutiveDTX− r16 ENUMERATED {n1 , n2 , n3 , n4 , n6 , n8 , n16 , n32 } OPTIONAL, − − Need R
s l −SSB− P r i o r i t y N R − r16 INTEGER ( 1 . . 8 ) OPTIONAL −− Need R

}

SL−NR− A n c h o r C a r r i e r F r e q L i s t − r16 : : = SEQUENCE ( SIZE ( 1 . . maxFreqSL −NR− r16 ) ) OF ARFCN−ValueNR
SL−EUTRA− A n c h o r C a r r i e r F r e q L i s t − r16 : : = SEQUENCE ( SIZE ( 1 . . maxFreqSL −EUTRA− r16 ) ) OF ARFCN−ValueEUTRA
SL−DiscConfigCommon − r17 : : = SEQUENCE {

s l −RelayUE −ConfigCommon− r17 SL−RelayUE −Config −r17 ,
s l −RemoteUE−ConfigCommon− r17 SL−RemoteUE−Config − r17

}

SIB13 − r16 : : = SEQUENCE {
s l −V2X−ConfigCommon− r16 OCTET STRING ,
dummy OCTET STRING ,
tdd −Config − r16 OCTET STRING ,
l a t e N o n C r i t i c a l E x t e n s i o n OCTET STRING OPTIONAL ,
. . .

}

SIB14 − r16 : : = SEQUENCE {
s l −V2X−ConfigCommonExt − r16 OCTET STRING ,
l a t e N o n C r i t i c a l E x t e n s i o n OCTET STRING OPTIONAL ,
. . .

}

Listing 3.1. Contents of SIB12, SIB13 and SIB14.

3.12. Summary

The 3GPP is mainly responsible for the work on NR sidelink. Although discussions
have been ongoing for a longer period of time, the NR sidelink feature was first
specified in the Rel-16. The Rel-16 defines the requirements, procedures, protocols,
message formats, power control, resource handling and synchronization mechanisms
for the NR sidelink technology. In this chapter the smaller 3GPP related information
have been discussed and will be further used in the following sections.
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4. 3GPP SIDELINK PROTOCOL DESIGN

The fifth generation (5G) of mobile technology is currently being developed and
implemented across the world. One key component of 5G technology is the 5G New
Radio (NR) protocol design, which aims to provide faster speeds, higher capacity, and
lower latency for mobile communications.

The 5G NR design is based on a set of new technologies and techniques that allow
for more efficient use of radio spectrum and improved network performance. One
key aspect of the 5G NR is the use of radio access technology known as Orthogonal
Frequency Division Multiplexing (OFDM) [12]. This technology allows for the
efficient use of radio spectrum by dividing it into smaller subcarriers that can be used
simultaneously. This allows for more efficient use of spectrum and higher data rates.

Another important aspect of the 5G NR design is the use of millimeter wave
(mmWave) frequencies [13]. These frequencies are much higher than those used
in previous generations of mobile technology, and allow for higher data rates and
lower latency. However, the use of mmWave frequencies also presents challenges.
As the frequencies get higher, the signals tend to get weaker and have smaller travel
distances. The mmWave signals are easily interfered by objects such as walls or even
rain. Although higher range of frequencies provide a lot of good potential use cases,
these propagation issues are causing challenges with the usage of mmWaves.

Multiple-Input Multiple-Output (MIMO) is used to enhance the performance and
efficiency of wireless communication systems [14]. MIMO is the usage of multiples
antennas for both transmitter and receiver of the communication. It provides high
spectral efficiency with simple signal processing and improves the data throughput,
system capacity and reliability of the wireless communications. MIMO can be further
enhanced to multi-user MIMO (MU-MIMO) which supports the service of multiple
UEs at the same time. A more practical solution of MU-MIMO is the massive MIMO
(mMIMO), which is more scalable and can support large number of UEs. The mMIMO
enables the possibility for high energy efficiency and even higher spectral efficiency.
It is also possible to use more advanced beamforming operations. Generally speaking,
multiple antennas can be used to control the direction of the front of the wave by
sending the same signal from multiple antennas. Depending on the location of the
receiver, the signals might be sent in different phases. The goal is to eventually sum
up the multiple signals into a suitable signal for the receiver.

In addition to these new technologies, the 5G NR protocol design also includes
a number of other features and techniques to improve network performance. For
example, the use of advanced modulation schemes allows for more efficient use of
radio spectrum, while new coding techniques allow for improved error correction and
higher data rates.

4.1. Sidelink Protocol Stack

The Sidelink UE’s protocol stack consists of two parts, user plane and control plane.
In collaboration, they are responsible for the UE’s network traffic. The planes’ consist
of multiple different sub-layers. Both of the planes share similar sub-layers such as
Packet Data Convergence Protocol (PDCP), Radio link control (RLC), Medium Access
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Control (MAC) and the Physical Layer (PHY) [15]. There are also unique upper level
sub-layers for both of the planes, such as Radio Resource Control (RRC), Service
Data Adaptation Protocol (SDAP) and PC5-S. These unique features and layers will
be discussed in the later sections.

The PDCP is used to provide services for upper layers of the stack. The PDCP
handles the upper layer data transfers for both of the planes. It is also responsible
for task such as; header compression, ciphering, sequence numbering and Quality of
Service (QoS) management.

The RLC is one layer lower and provides it’s services for the PDCP. One of the
main tasks of RLC is to transfer upper layer Protocol Data Units (PDUs). These
PDUs can be transfered in one of the three modes; Acknowledged Mode (AM),
Unacknowledged Mode (UM) and Transparent Mode (TM). Other tasks of the RLC
layer are segmentation and reassembly, error detection and correction, flow control
and sequence numbering.

The MAC layer is located underneath the RLC layer. The main task of MAC layer
are to ensure that different devices and services are able to communicate with each
other in the network. This is done by allocating resources, managing transmissions,
controlling accesses and correcting errors.

The PHY layer is the bottom layer of the 5G NR protocol stack. It provides the
foundation for the efficient and reliable transmission of data in the 5G network. The
main tasks of PHY are modulation and demodulateion, radio resource management,
channel coding and transmission scheduling.

4.1.1. User Plane Protocol Stack

The user plane for the PC5 interface consists of PDCP, RLC and MAC sublayers and
the physical layer. It also has the unique SDAP layer that is used The user plane
protocol stack for the PC5 interface can be seen in Figure 7.

Figure 7. User Plane Protocol Stack.
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4.1.2. Control Plane Protocol Stack

The control plane protocol stack consists of PDCP, RLC, MAC and physical layer.
However, there are couple of unique layers based on the channel. For the SCCH PC5-
S control plane the additional PC5-S layer is added as seen in Figure 8a. For the SCCH
RRC control plane the RRC is added as seen in Figure 8b.

(a) (b)

Figure 8. Sidelink (a) PC5-S and (b) RRC control planes.

For the SBCCH control plane, the RRC layer stays on top of RLC, but the PDCP is
removed as seen in Figure 9.

Figure 9. SBCCH Control Plane.

4.2. RRC Signaling

The Radio Resource Control (RRC) layer exists in the protocol stack of the
control plane, both in the UE and gNB. The RRC currently has three states
with different functionalities. The states are RRC_CONNECTED, RRC_IDLE and
RRC_INACTIVE [16]. The connected and idle states have been used with LTE and
they are also the RRC states related to Non-Standalone (NSA) 5G. In the connected
state, the radio resources are allocated to the UE and Access Stratum (AS) context
is stored in the UE and the network. On the other hand, in the idle state the UE is
switched on but the AS context is not stored in the UE or the network.
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The inactive state was introduced in the Standalone (SA) 5G and it is the main low
activity state. The usage of inactive state has clear advantages over the idle state.
In inactive state Radio Access Network (RAN) and Core Network (CN) connection
is kept. The UE AS context can stay stored in the UE and in the network. While
inside a defined tracking area, autonomous cell reselection can be used to reduce the
need for updating of the UE’s location. Switching back to connected state can be
done with RRC resume process which is a lot simpler compared to RRC connection
establishment process that is mandatory when moving from idle to connected state.
The inactive state can be used to improve the UE’s transition latencies, signaling
overhead, UE’s power consumption and network resource consumption.

4.2.1. RRC Connection Establishment for Sidelink

Especially the unicast connections are done over the PC5-RRC reference point with
the help of Signaling Radio Bearer (SRB) and Data Radio Bearer (DRB). In this
connection a sidelink, PC5-S security has to be established first. At first, one sidelink
SRB (SL-SRB1) is used to send PC5-S messages for the PC5-S security establishment.
After the PC5-S security has been established, one more sidelink SRB (SL-SRB2) is
used to transmit messages that are protected. Finally, one more sidelink SRB (SL-
SRB3) is used to transmit PC5-RRC signaling messages. These PC5-RRC messages
are protected as PC5-S security has been established.

In NR Sidelink unicast communications the integrity protection and ciphering of
PC5 signaling in SL-SRB2, SL-SRB3 and SL-DRB are done by AS security. The
integrity protection algorithms and parameters are exchanged by PC5-S messages in
upper layers [17]. All of the messages on SL-SRB2 and SL-SRB3 and SL-DRB of
the corresponding PC5-RRC are integrity protected and ciphered by PDCP after this
procedure as seen in Figure 10.

Figure 10. Usage of SRBs in PC5-S security and PC5-RRC establishments.
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4.2.2. RRC Reconfiguration

If a UE is in RRC_CONNECTED state and in coverage of gNB, the UE can
be reconfigured by network with the RRCReconfiguration message. When RRC
Reconfiguration is initiated, the UE receives configurations to RRC components and
functions such as Radio Bearers, Measurement and Scells or Cell Groups. The UE
processes the message and reconfigures accordingly. After the reconfiguration, the
UE responds to the gNB with RRCReconfigurationComplete message. The successful
RRC Reconfiguration can be seen in Figure 11.

In a situation where the sidelink UE is in RRC_IDLE or RRC_INACTIVE the
UE applies the NR sidelink communication parameters provided in the system
information. In all of the other possible cases the UEs receive the NR sidelink
communication parameters through SidelinkPreconfigNR.

Figure 11. RRC Reconfiguration with gNB.

In direct device-to-device sidelink communications, the sidelink specific RRC
Reconfiguration is done with RRCReconfigurationSidelink. Its’ main purpose
is to modify the PC5 configurations. This may consist of establishing,
modifying and releasing sidelink DRBs, by configuring NR sidelink measurement
and report or by configuring sidelink CSI reference signal resources and
reporting. The RRCReconfigurationSidelink messages are responded with
either RRCReconfigurationCompleteSidelink as seen in Figure 12a or with a
RRCReconfigurationFailureSidelink as seen in Figure 12b.

(a) (b)

Figure 12. RRCReconfiguration (a) complete and (b) failure between two NR sidelink
connected UEs.
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4.3. Connection Establishment

The 5G NR Sidelink communications can take place in three different cast types.
The connection establishment is slightly different for all of the cast types. Also
the difference whether the PC5 reference point is LTE or NR based. In the LTE
based PC5 reference points, only broadcast is supported. However, the NR based
PC5 reference points support all cast types. As the NR sidelink feature is being
enhanced closely with the development of V2X services [4], broadcast and groupcast
connection establishments should be introduced in a V2X oriented way. For the unicast
communications, a more UE oriented establishment can be introduced.

4.3.1. Unicast Communication Establishment

When it comes to the unicast link establishment, the PC5-S signaling is utilized with
direct communication request. During this request the Tx UE’s source layer 2 ID and
the Rx UE’s destination layer 2 ID are paired to uniquely identify a unicast link. The
Rx UE has to verify if the destination layer 2 ID actually belongs to it. If it does,
the direct communication request is accepted. Sidelink data can be transmitted after
this successful PC5 unicast link establishment. The same layer 2 IDs can be used for
subsequent data transmissions in the future.

Figure 13. Layer-2 ID link establishment over PC5 reference point.

4.4. Radio Resource Allocation

The resource allocation in NR Sidelink has been specified in the TS 38.331 [15]. As
the name suggests, radio resource allocation is used to assign radio resources for the
UEs in the network. It is important to note that in NR sidelink communications, the
sidelink transmissions are only done on a single carrier.

In 5G NR Sidelink, the radio resource allocation can be done in two separate
modes. The mode 1 is called Scheduled resource allocation and the mode 2 is named
UE autonomous resource selection. The main difference between the two is the
involvement of the network.

In the mode 1 the resource allocation is done by the network. It is mandatory for the
UE to be in the RRC_CONNECTED state for the scheduled resource allocation. The
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final scheduling of transmission is done by NG-RAN and the resources are allocated
dynamically via SL-RNTI on PDCCH. The sidelink resources in mode 1 can be
further assigned with two different additional sidelink grants types. The grant type
1 configured sidelink resources are provided by RRC only for the use of NR sidelink
communications. These resources can be used immediately and directly by the UE.
The type 1 sidelink grants can be used even when the UE is experiencing beam failures
or physical layer problems.

In the type 2 sidelink grant, the RRC only defines the periodicity of the configured
sidelink grant. A gNB is responsible for giving the UEs permissions to activate or
deactivate the configured resource of type 2. PDCCH can further signal whether to
activate or deactivate the sidelink grant. It is possible for the NR sidelink UE to have
multiple configured sidelink grants activated at the same time. In handover cases the
configured sidelink grants can be transmitted through handover commands.

The resource allocation mode 2 is categorized by the autonomous resource allocation
done by the UE. The UE is capable of transmitting data inside the NG-RAN coverage
no matter what RRC state it is in. The sidelink resources are selected from the
resource pools by using broadcast system information or dedicated signalling inside
NG-RAN coverage. UE’s pre-configurations are used outside of NG-RAN coverage.
The resource pools are linked to certain validity areas. While the UE is moving in
the assigned validity area, it does not need to change resource pools. The enabling of
sidelink resource validity areas is done using the NR SIB area scope mechanism [18].

4.5. Controlling of the Sidelink UEs

The connected Sidelink UEs can be controlled and configured by NG-RAN while
in coverage. The controlling is done by using the dedicated signalling or system
information. The sidelink UE can receive an intra-carrier or inter-carrier sidelink
configuration or anchor carriers. These provide the sidelink configuration by Uu carrier
for the NR sidelink communication.

If the UE has issues with simultaneous NR sidelink transmission and NR uplink
transmissions, the priorization is done based on their priorities and configurations made
by NG-RAN or by pre-configurations. If the UEs are outside of NG-RAN coverage,
SL preconfigurations are used for SL DRB. If the RRC state changes while it has not
received SL DRB configurations for the new RRC state, the configurations of previous
RRC state are used until the new state’s configurations are received.

4.5.1. Connected Sidelink UEs

In this section the control of UEs in the RRC_CONNECTED state will be discussed.
The UE performs the NR sidelink communication as configured by upper layers.
Sidelink UE Information will be sent to the NG-RAN for the requests and releases
of sidelink resources. The NG-RAN responses with RRCReconfiguration in order
to provide a dedicated sidelink configuration for the UE. This information given to the
UE might contain the SL DRB configurations and resource allocation configurations in
mode 1 and/or mode 2. If the SL DRB configurations are received, they should be used
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until new configurations are received within a new RRCReconfiguration. In handover
situations, sidelink transmissions and receptions are based on the configurations of
exceptional transmission resource pools and sidelink grant types. The reception
resource pool of the target cell is provided as part of the handover command. The
RRCReconfiguration for RRC_CONNECTED UE can be seen in Figure 14.

Figure 14. RRCReconfiguration for RRC_CONNECTED UE

4.5.2. Idle and Inactive UEs

UE in RRC_IDLE or RRC_INACTIVE performs NR sidelink communication as
configured by upper layers. The sidelink configurations are provided to the UE by
system information or NR sidelink communication. In this scenario the SL DRB
configurations are received in the SIB12 [18]. In a case of cell reselection, the
UE considers whether the cell supports NR sidelink communications. The UE is
mainly interested in the carriers with highest priorities. The first point of interest
are frequencies that provide configurations for both NR sidelink and V2X sidelink
communications. After that, frequencies supporting only NR sidelink are prioritized.

4.6. Sidelink UE Information

Sidelink UE information is used to keep the network updated by the UEs actions
[18]. The UE Information could be used to indicate that the UE is or no longer is
interested in acting as a Tx or Rx sidelink UE. It could be used to request assignment
or Rel-of transmission resources. Also different kinds of reporting can be done with
UE Information. Such as, QoS parameters and profiles, sidelink radiolink failures
and sidelink RRCReconfiguration failure detection. The information related to the
unicast linked peer UE can also be forwarded. This information could contain e.g. the
peer UE’s capability information or the RLC mode information of the sidelink SRBs
received from the peer UE.

Once a NR Sidelink capable UE is in the RRC_CONNECTED state, it is able to
initiate a procedure where it indicates that it is interested in receiving or transmitting
NR sidelink communications. The initiation can happen in cases such as connection
establishment and resume, change in interests of receiving or transmitting sidelink
communications, QoS profile changes, UECapabilityInformationSidelink or RLC
mode information updates from the unicast linked peer UE or upon changes related
to the PCell that is providing the SIB12 with sl-ConfigCommonNR.
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Sidelink DRB configurations and resource transmission procedures can be initiated
for UEs capable of NR sidelink communicaitons. Procedures to report failures to the
network can also be initiated. These failures are sidelink radio link failures and sidelink
RRC Reconfiguration failures. The transmission of Sidelink UE Information can be
seen in Figure 15.

Figure 15. Sidelink UE Information transmission for NR sidelink
communication/discovery.

4.7. Sidelink Synchronization Information

The suitable synchronization of NR sidelink UEs is mandatory for a working
sidelink communication. As discussed earlier, there are multiple different ways for
synchronization. In a case where the NR sidelink capable UE is in coverage of GNSS
or a cell that is capable of acting as a synchronization reference, the synchronization
is done through SIB12. The SIB12 contains the synchronization related configuration
parameters in the sl-FreqInfoList. SIB12 parameter updates and modifications are done
over RRCReconfiguration. The reception of SIB12 and RRCReconfiguration can be
seen in Figure 16.

Figure 16. Synchronisation information transmission for NR sidelink
communication/discovery in coverage.

In a situation where one UE is in coverage and it has a sidelink communication to
another UE that is out of coverage, the in coverage UE will act as a synchronization
reference also called SyncRef UE. The synchronization of the in and out coverage UEs
will be done with MasterInformationBlockSidelink and SLSS. The synchronization
information reception of out of coverage UEs can be seen in Figure 17.

The synchronization of further out of coverage UEs is performed similarly. The
synchronization of two out of coverage UEs can be seen in Figure 18.
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Figure 17. Synchronisation information transmission for NR sidelink
communication/discovery, in partial coverage.

Figure 18. Synchronisation information transmission for NR sidelink
communication/discovery, out of coverage.

4.8. Sidelink Radio Bearer Management

There are multiple Data Radio Bearer (DRB) and Signaling Radio Bearer (SRB)
related actions in NR sidelink communications. These actions are mainly related to
releasing, adding or modifying the DRBs and SRBs.

4.8.1. DRB Management

The Rel-of sidelink DRBs in unicast can happen if slrb-Uu-ConfigIndex is included
in sl-RadioBearerToReleaseList in sl-ConfigDedicatedNR, if sidelink QoS flow with
data indicated by upper layers is not mapped to the DRB for transmission, if
RRCReconfigurationSidelink has no data or if slrb-PC5-ConfigIndex is included
in RRCReconfigurationSidelink. DRB releases can also be initiated if PC5-RRC
connections are released due to sidelink RLF detection.

The addition of DRBs are initiated if the sidelink QoS flow that is mapped to a
sidelink DRB, which is not established, is reconfigured by sl-ConfigDedicatedNR,
SIB12, SidelinkPreconfigNR or RRCReconfigurationSidelink.

The modification of DRBs is initiated only if the DRB related parameters
are changed by sl-ConfigDedicatedNR, SIB12, SidelinkPreconfigNR or
RRCReconfigurationSidelink. The DRB has to be established for DRB modification.
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4.8.2. SRB Management

The Rel-of sidelink SRBs can happen if upper layers request a PC5-RRC connection
release, if sidelink radio link failure is detected, if upper layers stop the PC5-S
transmission.

The addition of sidelink SRBs can happen when upper layers request a transmission
of PC5-S messages for certain destination or PC5-RRC connection establishment is
indicated.

4.9. Sidelink UE Capability Transfer

The sidelink UE capability transfers are used to evaluate the capabilities of unicast
connected NR sidelink capable UEs. The UE capability transfer procedure is initiated
by upper layers when they are in need of UE radio access capability information. The
UE that is initiating the procedure sends a UECapabilityEnquirySidelink message. The
peer UE will response with UECapabilityInformationSidelink message which contains
the necessary information.

The UECapabilityEnquirySidelink contains information related to Tx UE’s radio
access capabilities and frequency bands included in frequencyBandListFilterSidelink,
The UECapabilityInformationSidelink is used to respond information related to the
Rx UE’s radio access capabilities and a list of candidate frequency band combinations.
The transfer of UE Capability Information is represented in Figure 19.

Figure 19. Sidelink UE capability transfer.

4.10. Summary

The more advanced 3GPP defined procedures have been explained in this section. The
main interested has been the RRC of the NR sidelink. Once again, the Rel-16 has
been the main point of interest as it defines the base for the sidelink technology. In
the following sections the requirements for the UE capable of performing the 3GPP
defined procedures will be discussed.
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5. UE FUNCTIONALITY

When it comes to the NR sidelink, it is important to understand that the sidelink
UEs must have the necessary hardware and software capabilities to be able to
maintain the sidelink communications. These requirements could be related to the
UE’s radio hardware, protocol stack, resource management, interference management,
coexistence with cellular RAT and security.

5.1. Radio Capabilities

The sidelink technology is not supposed to interfere with the cellular communications.
In some scenarios, the sidelink capable UE has to be able to keep up with the sidelink
communications and the cellular communications at the same time. The so called
Dual Connectivity [19] capabilities are required from the UE as it has to be capable
of simultaneously establish and maintain connections over different Radio Access
Technologies (RAT) which are the sidelink and cellular communication in this case.

From a hardware perspective the sidelink capable UE must have multiple radios
that can operate on different frequency bands and subcarriers as these might differ
between the cellular communication and the sidelink communication. In other words,
dedicated sidelink radio hardware is required to be able to use the sidelink subcarrier
spacings and timeslots. Also the dedicated cellular radio hardware is required for
the cellular subcarrier spacings and timeslots. Especially when it comes to sidelink
communication, the UE must be able to both transmit and receive signals with base
stations and other sidelink capable UEs simultaneously. The structure for radio frames,
subframes and slots is the same as in NR uplink and downlink communications

When it comes to the software point of view, the protocol stack has to be taken
into account. The sidelink protocol stack has to be able to support the necessary
sidelink signaling messages and procedures defined by 3GPP. On top of this, the 5G
NR protocols have to be supported for the cellular communications.

5.2. Handling of Uplink and Downlink between Tx UE and Rx UE

As NR sidelink capable UEs have to be able to perform cellular communications and
sidelink communications simultaneously, the regular uplink and downlink channels
have to be implemented for the communications between UEs and gNBs. These
channels are PUSCH, PUCCH and PRACH for uplink and PDSCH, PBCH and
PDCCH for downlink. For the direct D2D sidelink communications between UEs,
the new sidelink specific channels PSBCH, PSCCH, PSSCH and PSFCH have to be
implemented. The uplink, downlink and sidelink channels have been visualized in
Figure 20.

The NR communications can either work with Frequency Division Duplex (FDD)
or Time Division Duplex (TDD) [20]. FDD is able to use two unique frequencies
for transmissions and receptions, therefore the communication can happen in both of
the directions simultaneously. TDD on the other hand, uses only one frequency for
transmissions and receptions. With TDD transmissions and receptions have to occur
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at different time instances. The TDD is always used for the direct device-to-device
communications.

Figure 20. Actions related to transmission of SidelinkUEInformationNR.

5.3. UE Scheduling and Synchronization

As mentioned earlier, the synchronization of UEs is important for the sidelink
communications to work. The synchronization is done on the Physical Sidelink
Broadcast Channel (PSBCH). The PSBCH is sent through the sidelink synchronization
block (S-SSB). Within the S-SSB there are two important synchronization signals
that are used to synchronize the transmission of signals between the signal receiver
and transmitter. They are called sidelink primary synchronization signal (S-PSS) and
sidelink secondary synchronization signal (S-SSS). The combination of these two is
called sidelink synchronization signal (SLSS).

The crucial task of the SLSS is to allow UEs to have the same sidelink timing and
frequency references. A sidelink communication can not be established between the
UEs unless they are timed correctly. a UE that can act as a source for timing of the
sidelink communication is called a synchronization reference (SyncRef) UE. Each of
the SyncRef UEs have their own coverage indicators IIC These indicators tell whether
the SyncRef UE is in coverage of gNB/eNB or GNSS. As seen in the Table 5. in
coverage SyncRef UEs have the IIC value of 1 and out of coverage SyncRef UEs have
the IIC of 0. The IIC is then used to give the SyncRef UE an SLSS ID. The NR Sidelink
has a total of 672 SLSS IDs available and they are divided into two sets based on
whether they are in or out of coverage of a gNB/eNB or GNSS. SLSS ID of 0 is always
given to SyncRef UEs that are in coverage of GNSS. SLSS IDs from 1 to 335 are for
the SyncRef UEs that are in coverage of gNB/eNB. and the SLSS IDs from 336 to 671
are for the SyncRef UEs that are out of coverage of gNB/eNB and GNSS. The SLSS
ID and IIC are then used to generate priority levels between the SyncRef UEs. The
priority leves are different based on whether the UE’s synchronization is configured to
be gNB/eNG-based or GNSS-based.

Table 5. Out and In Coverage SyncRef UE SLSS IDs and IIC

In Coverage SyncRef UE Out of Coverage SyncRef UE
IIC 1 0
SLSS IDs 0, 1,..., 335 336, 337,..., 671
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As seen in Figure 21, the best possible priority level of 1 is given to the gNB and
eNB in this synchronization setting. The UEs A and B, that are synchronizing with the
gNB and eNB, are on the priority level of 2. They will receive values IIC = 1 and SLSS
ID = {1,..., 335}.

As the UE C is only one hop away from the gNB/eNB, it is on the priority level of 3.
The out of coverage UE C is synchronized with either the SyncRef UE A or B based
on which one of those UEs has the lower SLSS ID. After the synchronization, the UE
C will become a SyncRef UE with the same SSID as the in coverage SyncRef UE that
had the lower SSID. The UE C will have IIC = 0 and SLSS ID = {1,..., 335}.

The UE F is multiple hops away from the gNB/eNB. Being two or more hops away
from the gNB/eNB gives the UE F priority level of 7. The SyncRef UE F will have IIC

= 0 and SLSS ID = {336, 337,..., 671}

Figure 21. Sidelink SyncRef levels of gNB/eNB environment with gNB/eNB-based
synchronization.

in Figure 22, the same synchronization is used in a situation where the UEs are out of
the coverage of a gNB/eNB. In this kind of situation the GNSS is used to synchronize
the UEs. As the environment was gNB/eNB-based, the GNSS receives the priority
level of 4.

As the UE D is directly syncrhonized with the GNSS, it becomes a SyncRef UE
with the priority level of 5. The SyncRef UE receives the values IIC = 1 and SLSS ID
= {0}.

The next SyncRef UE E is out of the coverage, but only one hop away from the
GNSS. Once again, the SyncRef UE that is only one hop away from the signal
transmitter, receives the same SSID as the previous SyncRef UE. The SyncRef UE
E receives the values IIC = 0 and SLSS ID = {0}.

The last SyncRef UE G is two or more hops away from the GNSS, so it receives
values IIC = 0 and SLSS ID = {336,337,...,671}.

The last possible way of synchronization of this gNB/eNB based environment is
the UE’s own internal clock which can be seen in Figure 23. In this synchronization
situation the UE is out of the coverage of gNB/eNB and GNSS.
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Figure 22. Sidelink SyncRef levels of GNSS with gNB/eNB-based synchronization.

Figure 23. Sidelink SyncRef Levels with internal clock.

As mentioned before, the NR Sidelink has two possible configurations for the
synchronization [11]. The synchronization could be configured to be gNB/eNB-based
or GNSS based. The main difference between these two are the synchronization
priority levels. The differences between the priority levels can be fround from Table 6
and Table 7.
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Table 6. Priority properties of gNB/eNB-based synchronization
Priority
Level

Synchronization IIC
SLSS
ID

Level 1 gNB/eNB None None

Level 2
SyncRef UE in coverage and directly
synchronized with gNB/eNB

1 1-335

Level 3
SyncRef UE out of coverage, but one hop
away from gNB/eNB

0 1-335

Level 4 GNSS None None

Level 5
SyncRef UE in coverage and directly
synchronized with GNSS

1 0

Level 6
SyncRef UE out of coverage, but one hop
away from GNSS

0 0

Level 7
SyncRef UE out of coverage, and two or more
hops away from gNB/GNSS

0
336-
671

Level 8 UE’s internal clock None None

Table 7. Priority properties of GNSS-based synchronization
Priority
Level

Synchronization IIC
SLSS
ID

Level 1 GNSS None None

Level 2
SyncRef UE in coverage and directly
synchronized with GNSS

1 0

Level 3
SyncRef UE out of coverage, but one hop
away from GNSS

0 0

Level 4 GNSS None None

Level 5
SyncRef UE in coverage and directly
synchronized with gNB/eNB

1 1-335

Level 6
SyncRef UE out of coverage, but one hop
away from gNB/eNB

0 1-335

Level 7
SyncRef UE out of coverage, and two or more
hops away from gNB/eNB

0
336-
671

Level 8 UE’s internal clock None None

5.4. Summary

The sidelink capable UE requires some unique components and features. As the UE
has to be able to maintain both the gNB and the sidelink communications, the radio
capabilities and protocol stacks have to be modified. The UEs have to be able to
maintain synchronization in multiple different scenarios. Unique functionalities have
to be implemented for the UEs to be able to communicate inside and outside of the
coverages of gNBs and GNSS.
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6. EXPERIMENTATION AND EVALUATION

6.1. Comparing 5G NR Sidelink and Wi-Fi

The technologies used with NR Sidelink and Wi-Fi seem very familiar. It could be
argued that using features such as mobile hotspot could do all of the sidelink’s work.
However, although both of the technologies offer high-speed data transfer capabilities,
there are noticeable differences in the usage of frequency bands, ranges, speeds,
interferences and security. In this section most of the differences between the two
will be discussed and evaluated.

6.1.1. Licensed Spectrum

The licensed spectrum and unlicensed spectrum refer to the radio frequency bands
that are used for wireless communications [21]. The licensed spectrum refers to the
frequency bands that are allocated to be used for more tightly controlled activities,
such as cellular service and radio stations. The owners of the license have the right
to use the frequencies for their own purposes and prevent others from using them.
Especially in 5G NR, the licensed spectrum is used for mission-critical applications
such as industrial automation, public safety and critical infrastructure.

Unlike the licensed spectrum, the unlicensed spectrum can be used by everyone
without the need of a license. These open frequencies are used by applications in
a first-come first-serve basis. These frequencies are commonly used in applications
that are related to Bluetooth, Wi-Fi and other lower power applications. As multiple
devices might be using the unlicensed spectrum at the same time, there has to be certain
set of rules for the fair use of the frequency spectrum. It is mandatory for the devices
to follow certain set of rules to avoid situations where some device would take over
the entire spectrum. For example, one of these rules is Listen Before Talk (LBT).
LBT ensures that devices "listen" to the channel before they initiate transmissions. If
the channel seems to be busy the device has to patiently wait an idle period before
attempting retransmission.

When it comes to the NR sidelink, the usage of spectrums is exceptionally versatile.
The NR sidelink is capable of using both licensed and unlicensed spectrums. In
general the NR sidelink is intended to be used on licensed frequency band of 5.9 GHz
specified for V2X in the US [22] and in Europe [23]. However, in situations where the
licensed spectrum resources are limited and/or unavailable, the NR sidelink is capable
of operating in the unlicensed bands of 2.4 GHz and 5.9 GHz which are commonly
also used by Wi-Fi. The used frequency bands are represented in the Table 8.

Table 8. Frequency bands used by NR Sidelink and Wi-Fi

Technology
5.850-5.925 GHz
(licensed)

5.9 GHz (unlicensed) 2.4 GHz (unlicensed)

NR
Sidelink

Yes Yes Yes

Wi-Fi No Yes Yes
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The NR sidelink’s ability to use both, licensed and unlicensed spectrums can be
seen as an advantage in multiple ways. Using the licensed spectrum provides better
coverage, capacity and Quality of Service (QOS). The flexibility and compatibility
issues should not be as common for NR sidelink devices as they can switch between
the networks based on the available spectrum and signal strength. Lastly, if NR sidelink
devices are forced to use the unlicensed spectrum, it should still have atleast the same
capabilities as Wi-Fi when it comes to frequency bands.

6.1.2. Proximity

When it comes to device-to-device communications, the distance between the UEs
plays a large role in the reliability and effectiveness of the communication. The
sidelink based LTE-V2X and IEEE 802.11 standard based modification 802.11p [24]
for Dedicated Short Range Communications (DSRC) have been compared based on
how much the distance between the vehicles affects packet reception ratio [25]. The
packet receptions were simulated in two different scenarios, in a freeway and in an
urban environment. The Tables 9, 10 and 9 represent the values in freeway scenarios
with different speeds. The Tables 12 and 13 represent the values in urban scenarios
with different speeds.

Table 9. Packet reception ratio based on the distance between Tx UE and Rx UE,
Freeway 70 km/h

Distance
Packet reception ratio
(LTE-V2X)

Packet reception ratio
(DSRC)

100 0.99 0.99
200 0.95 0.80
300 0.85 0.20
400 0.57 0.03

Table 10. Packet reception ratio based on the distance between Tx UE and Rx UE,
Freeway 140 km/h

Distance
Packet reception ratio
(LTE-V2X)

Packet reception ratio
(DSRC)

100 0.99 0.98
200 0.97 0.77
300 0.89 0.20
400 0.60 0.03



41

Table 11. Packet reception ratio based on the distance between Tx UE and Rx UE,
Freeway 250 km/h

Distance
Packet reception ratio
(LTE-V2X)

Packet reception ratio
(DSRC)

100 0.97 0.94
200 0.95 0.68
300 0.87 0.15
400 0.60 0.00

Table 12. Packet reception ratio based on the distance between Tx UE and Rx UE,
Urban 15 km/h

Distance
Packet reception ratio
(LTE-V2X)

Packet reception ratio
(DSRC)

100 0.80 0.67
200 0.43 0.34
300 0.18 0.06

Table 13. Packet reception ratio based on the distance between Tx UE and Rx UE,
Freeway 60 km/h

Distance
Packet reception ratio
(LTE-V2X)

Packet reception ratio
(DSRC)

100 0.80 0.68
200 0.43 0.34
300 0.18 0.05

It can clearly be stated that the LTE-V2X is outperforming the Wi-Fi based DSRC
in the simulations. The improvements can be clearly seen especially in the freeway
scenarios. The urban simulations are a bit less reliable as there are multiple variables
that change and are based on randomness, such as the turning decisions of the moving
vehicles. The LTE-V2X can still be seen as the outperformer compared to the DSRC
also in the urban scenarios.

6.1.3. Efficiency

Especially when it comes to spectral efficiency, NR sidelink has advantages over Wi-Fi.
NR sidelink is capable of doing so called link adaptation for unicast transmissions. In
link adaptation the MCS are adjusted based on the quality of the radio link. Feedback
of a channel quality indicator (CQI) can be used for link adaptation between the Rx
UE and Tx UE. CQI is calculated by Rx UE by using SL SCI-RSs transmitted by the
Tx UE in PSSCH. MCS can be then selected based on the identication given by CQI.

The spectral efficiency can be further improved with rank adaptation. With multi
antenna UEs, the number of streams that can be sent in PSSCH can be adjusted. Using
SCI-RSs, a rank indicator (RI) can be determined by Rx UE. The rank of the measured
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SL channel corresponds to the RI which determines the number of streams that can be
supported by the channel.

6.1.4. Latency

The NR sidelink technology allows the devices to communicate directly with each
others. This gives sidelink communications ability to work without the network
infrastructures or routing through centralized servers. On the other hand, Wi-Fi
requires a central router or access point. As the signal has to travel through the network
infrastructure and potentially over longer distances. This forces Wi-Fi to have a slightly
higher latency compared to NR sidelink.

It is also important to understand the latency effects of the usage with licensed and
unlicensed spectrums. The LBT used in unlicensed spectrum causes higher latencies
compared to the usage of licensed spectrum. If a UE that functions on the unlicensed
spectrum has to listen to other UEs and in worst scenarios wait for them to perform
their tasks, it can not be as efficient as a UE that works on the licensed spectrum.

6.1.5. Reliability

As discussed earlier the NR sidelink uses PSFCH for direct feedback in unicast
and groupcast communications. As the sidelink communication is direct device-to-
device communication, the feedback can be transmitted directly within PSFCH. As
mentioned in the efficiency of SL communications, link and rank adaptation improve
the reliability similarly.

6.1.6. Security

NR sidelink provides built-in authentication and encryption mechanisms that ensure
that only authorized devices can access the network. The data transmitted over the
network is encrypted and cannot be intercepted by unauthorized parties. While Wi-
Fi also uses these security mechanisms, they are not as strong as those used in NR
sidelink. The physical layer of NR sidelink can also be considered more robust
compared to Wi-Fi. Also the integrity protection function defined for NR SA is usable
with NR sidelink over the PC5-S messages.
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6.1.7. Simulation Results

The comparisons between NR V2X and 802.11p were also simulated using open-
source MatLab based simulator [26]. The simulator was used with the provided default
parameters for both NR V2X and 802.11p. Only the velocity of the simulated vehicles
was adjusted for evaluation. The value used for assessment is the Packet Reception
Ratio (PRR) which is the percent of packets that have been received successfully. The
distance between vehicles directly affects the PPR, so this distance was observed.

The NR V2X out performs 802.11p when it comes to the longer distances between
the vehicles as seen in the Figures 24a and 24b. It also seems that the 802.11p performs
slightly worse when comparing the velocities of 60 km/h and 120 km/h. For NR V2X
the 60 km/h graph seems to stay close to the 120 km/h graph.

(a) (b)

Figure 24. Packet Reception Ratio at speeds (a) 60 km/h and (b) 120 km/h at varying
distances between vehicles.

6.2. Sidelink Improvements Over Rel-17

A lot of important improvements have been discussed for NR sidelink in the further
3GPP releases. It is still important that all of the enhancements in REL-17 are based
on the functionalities specified in the REL-16. This was discussed to avoid duplicated
solutions related to sidelink and V2X.

6.2.1. Power Saving

In Rel-16, the NR sidelink is designed to be always on. In Rel-16 the main focus has
been on the V2X features, where the power consumption is not seen as an issue due
to vehicles having sufficient battery capacities. When it comes to devices with smaller
battery capacities, the power consumption becomes a serious issue. In Rel-17 use cases
with smaller battery capacities have also been taken into account. Especially so called
Vulnerable Road Users (VRU) are a point of interest in REL-17 for the lower power
consumption. VRUs could act as road users, such as pedestrians, who communicate
with V2X vehicles with sidelink communications through their smartphones.



44

The Connected mode Discontinuous Reception (C-DRX) [27] was introduced for
the communications with the base stations over the NR Uu interface. The main idea
behind the C-DRX is to increase the battery life of a UE by allowing it to enter a sleep
state where PDCCH does not have to be monitored. The UE would then periodically
wake up to monitor PDCCH for possible downlink and uplink data before once again
moving back to the sleep state. Even though RF might stay turned on, the UE’s power
consumption decreased.

Similar sleep cycle solutions could potentially be implemented more sidelink
specifically. It is important to note that for sidelink sleep cycles the UE usually
receives and transmits at the same time due to the HARQ feedbacks related to sidelink
communications. The sidelink sleep mechanism should be implemented so that the
transmitting and receiving properties are on and off the sleep mode at the same time.

6.2.2. Enhanced Reliability

V2X communications tend to have some difficulties in urban scenarios where there are
blockages between UEs. There could be a intersection or a crossroad close to buildings
that would force vehicles Non-Line of sight (NLOS) from each other. Although the
UEs might be close to each other, the Reference Signal Received Power (RSRP) might
stay low. This causes issues especially with the reliability of the communication.

Rel-17 provides the exchange of assistance information for sidelink
communications. This type of assistance information can prevent resource collisions
of sidelink communications by letting UEs monitor the SCI of nearby UEs. The SCI
monitoring can help UEs with error detection pre- and post-collision.

6.2.3. Enhanced Coverage with Sidelink Relay

In the Rel-17, so called relay architecture has been introduced [28]. The idea is to
be able to transmit data from the Tx UE to the Rx UE through so called relay UEs.
This architecture would allow the communication to travel between those two through
multiple paths. While this enhances the coverage of the communication, it should
also greatly increase the reliability of the communication. The main principle of the
architecture has been visualized in Figure 25.

Figure 25. UE relaying architecture
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6.3. Summary

There are multiple possible options for device-to-device communications. The
UEs could potentially communicate with technologies such as Wi-Fi, bluetooth and
LTE/NR sidelink. Each of these have their own advantages and disadvantages, but it is
feasible to say that especially in high mobility scenarios such as V2X, the sidelink is
the most suitable. It is also important for the V2X applications to have as low latencies
as possible to ensure the highest possible level of reliability especially in use cases that
are related to public safety.

When it comes to the 3GPP releases, the Rel-16 is the base for the NR sidelink
technology. The next releases such as Rel-17 and Rel-18 carry enhancements to the
sidelink on top of the technology specification introduced in Rel-16. The Rel-17
focuses mainly on power saving to make it easier to design smaller battery capacity
UEs for VRUs and enhancing the coverage with sidelink relays.
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7. DISCUSSION AND FUTURE DEVELOPMENT

While sidelink technology brings a lot of technical benefits to the capabilities of
the modern UEs, it is also a known fact that the NR sidelink and especially V2X
has enormous amounts of commercial potential [29]. The V2X related hardware and
software, On-Board Units (OBU), Roadside Units (RSU), antennas and evaluation kits
can be seen as direct sidelink related products. The target for these products range from
personal passenger cars to light and heavy commercial vehicles. The V2X products
can be implemented on all types of vehicles regardless of the engine type. V2X
functionalities can be added to internal combustion engines, hybrid electric engines
and completely electric engines.

On top of these direct V2X products, the V2X generates a lot of categories for sub-
markets of the technology. V2X related side products could include devices related
to VRUs, V2V, V2P, V2I and V2N. The sidelink technology can also be used for
enhancements into existing services such as emergency vehicle notification, automated
driver assistance and passenger information systems.

The distribution of V2X devices does not have any serious geographical limitations.
The V2X is expected to become known especially in the North America, Europe, Asia-
Pacific region and Middle East.

The current estimated value of the entire V2X market stood at approximately $32.4
Billion in 2022. However, it has been forecast that the value of the V2X market would
reach $1404.1 billion by 2030. This would add up to an approximate 60.2% annual
growth rate as seen in Figure 26.

Figure 26. Forecast value of V2X over the years 2022-2030.
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8. SUMMARY

The NR sidelink technology has shown a lot of potential when it comes to enhancing
the communications between devices. The sidelink communications give UEs the
ability to communicate directly. These communications are called direct device-to-
device communications. One of the main advantages of sidelink technology is the
ability to extend the coverage of the communication beyond the coverage of gNB/eNB
and GNSS. Although it is possible for devices to communicate directly with sidelink
within coverage, the communication can also happen in partial coverage where one of
the UEs is in the coverage and it extends the communication to UEs out of coverage. It
is also possible for UEs to communicate directly outside of all coverage with sidelink.

Although some implementations of similar technology already exist, such as Wi-Fi
and bluetooth, sidelink technology has some unique benefits that makes it stand out.
Especially when it comes to the mobility of the sidelink capable UEs, the sidelink tends
to be the better option. For example, the V2X use cases are more suitable for sidelink
compared to Wi-Fi, as the Wi-Fi tends to struggle with faster movement. The sidelink
technology also provides lower latencies and slightly better reliability compared to
Wi-Fi. This becomes an important characteristic especially in public safety related use
cases. That is why Vulnerable Road Users (VRU) have been a high prioritization in
the development of sidelink in the recent years.

The 3GPP is mainly responsible for the development of sidelink technology. The
characteristics and features of sidelink technology have been defined mainly in the
TS 38.311 [18] and TS 38.300 [15]. Both of the technical specifications have been
investigated and discussed withing the thesis. The main point of interest at this point
has been the Rel-16 as it defines the base for the sidelink technology. Rel-17 enhances
the sidelink technology, however all of the Rel-17 features are designed to work on top
of the specification of Rel-16. The Rel-17 is treated accordingly in the thesis and the
improvements of Rel-17 are discussed separately.

Sidelink technology is quite unique as it requires the UE to be able to communicate
with base stations and other UEs with two different RATs. The sidelink capable
UEs need some modifications compared to the more casual modern UEs. The
radio capabilities have to be doubled so that the UE can handle the uplink and
downlink communications with the base stations meanwhile maintaining sidelink
communications simultaneously. As the UEs are capable of performing sidelink
communications outside of base station and GNSS coverage, unique scheduling and
synchronization requirements are mandatory.

As the sidelink and V2X communications are a largely growing industries, the main
financial focuses have to be taken into account. The markets of V2X technology
could potentially reach $1404.1 Billion by 2030. It is expected for especially the V2X
competition between companies to get more intense in the very near future.
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