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Abstract

The Third Generation Partnership Project (3GPP) published Release 16 at the end of
2019 which includes Vehicle-to-Everything (V2X) communication standards. These
standards are aiming for intelligent transportation systems, for example, truck

platooning.

Release 16 is based on 5G, it can offer high reliability and low latency on its
applications. After this release, researchers and developers started working on
publishing papers about 5G New Radio (NR) Sidelink and developing simulations or
real-time tests on this topic. However, since this technology is still brand new, there are

relatively few studies or papers published on 5G NR Sidelink.

This thesis offers gathered information on the physical layer of sidelink communication
from Release 12 to Release 16 of 3GPP. Moreover, the work aims to use this
information for developing a 5G NR Sidelink testbed where 2 user equipment are
synchronized with each other. Besides the development process, 5G NR simulation and
physical layer testbed are also included. In these testbeds, as a software tool,
OpenAirInterface (OAI) and as a Radio Frequency (RF) module, software-defined radio
(SDR) are used. Moreover, MATLAB is used for the 5G NR throughput simulation.

The main blocks for 5G NR Sidelink development are, testing OAI software codes for
5G NR and understanding the embedded system inside of it. In this work, these blocks

are provided with the 5G NR Sidelink synchronization development process.

This thesis is written in English and is 45 pages long, including 6 chapters, 35 figures
and 3 tables.



Annotatsioon

5G NR Testplatvormi ja Joudluse Hindamine

Kolmanda pdlvkonna partnerlusprojekt (3GPP) avaldas 2019. aasta 10pus
tarkvaraversiooni 16 (Release 16), mis sisaldab soidukilt-kdigele (V2X)
kommunikatsioonistandardeid. Nende standardite eesmérk on luua alus tarkadele

transpordisiisteemide, niiteks veoauto rithmituste, arendamiseks.

Release 16 pdhineb 5G tehnoloogial, mis suudab oma rakendustes pakkuda korget
usaldusvairsust ja madalat latentsust. Pdrast seda véljalaset alustasid teadlased ja
arendajad t66d 5G New Radio (NR) Sidelink valdkonnas artiklite avaldamisega ja
simulatsioonide voi reaal-aja testide arendamisega. Kuid kuna see tehnoloogia on veel
taiesti uus, on 5G NR Sidelink kohta avaldatud suhteliselt vdhe uuringuid voi

dokumente.

See 10put6d koondab teadmisi Sidelink-1 kommunikatsiooni fiiiisilise kihi kohta 3GPP
tarkvaraversioonist 12 kuni 16. Lisaks on t66 eesmdrk kasutada seda infot 5G NR
Sidelink-i testpesa arendamiseks, kus 2 kasutajaseadet slinkroniseeritakse teineteisega.
Arendusprotsessi korval on kaasatud ka 5G NR simulatsioon ja fiiiisilise kihi testpesa.
Nendes testpesades kasutatakse tarkvaravahendina OpenAirinterface (OAI) ja
raadiosagedus (RF) moodulina tarkvaral pdhinevat raadiot (SDR). MATLABIi

kasutatakse 5G NR ldbilaskevdime simuleerimiseks.

5G NR Sidelink-i arenduse peamised klotsid on OAI tarkvara koodide testimine 5G
NR-i osas ja selle sisemise manussiisteemi moistmine. Selles t66s on need klotsid ette

ndhtud 5G NR Sidelink siinkroniseerimise arendusprotsessiga.

Loputdd on kirjutatud inglise keeles ning sisaldab teksti 45 lehekiiljel, 6 peatiikki, 35

joonist, 3 tabelit.
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1 Introduction

Sidelink is the communication type where the cellular devices no longer need a network
to be able to communicate with each other. This means that mobile phones, cars or even
robots do not need any intermediary network, and they can create their own. This type
of communication is getting more and more credits every day with the new areas of

usage such as public safety scenarios, vehicle communications, etc [1] .

Over the past decade, the devices that connected to the network have grown massively
which generates huge traffic volume. Eventually, the enhancements on the network
were targeting new use cases to solve this growth where the device to device (D2D)
communication is designed with Release 12 of 3GPP to solve some of these use cases
such as network applications for proximity services, storage and data transfer. In
addition to these, the public safety use case is also one of the major D2D focuses which

starts the evolution of sidelink communication.

As a next step, another type of sidelink communication, Vehicle to Everything (V2X)
communication was created with Release 14 of 3GPP aiming to have an intelligent
transportation system with communication between vehicles, pedestrians, road side
units, and the network. Decreasing the number of accidents and reducing fuel

consumption with greener vehicles are some of the goals of this transportation system

[2].

With the current phase, Release 16 of 3GPP, V2X communication use cases are
extended with the 5G technology. Since the new technology has the potential to provide
extensive bandwidth, high throughput, low latency, and high reliability, sidelink
communication becomes more important with its features [3] . The four new use cases
under New Radio (NR) V2X are vehicle platooning, advanced driving, remote driving,

and extended sensors which need the performance that 5G provides.

Since Release 16 is new, there is no open-source simulation or real-time test

development yet. Moreover, there are very few papers studied on 5G NR sidelink
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communication. This thesis focuses on the evolution of sidelink standardization on the
physical layer (PHY) to bring the information from standards and the other related
works together which aims to help developers to access the PHY layer information
easily. Moreover, using this information for developing a testbed to have sidelink
communication can be called the main goal of the thesis. In addition to 5G NR sidelink
development, setting a testbed to ensure that the SG NR PHY is reliable to take it as a
reference to build the NR Sidelink and also, simulating 5G NR throughput with
MATLAB are the side focuses.

The thesis is organized as follows. The introduction of the thesis and the problem
statement compose Chapter 1. In Chapter 2, the standardization for sidelink
communication is studied. This chapter is mainly focusing on the PHY layer
enhancements and differences between the releases. Moreover, an analysis of the related
works is at the end of this chapter. The 5G throughput simulations in MATLAB are
presented in Chapter 3. Then, Chapter 4 presents the testbed setup for the 5SG NR
physical layer as a simulation and a real-time application. In Chapter 5, the development
process of 5G NR Sidelink is explained. Finally, in Chapter 6, the conclusion and future

work are provided.

1.1 Problem Statement

This thesis aims to give an overall summary for sidelink standardization in the PHY
layer and developing an algorithm to test 5G NR sidelink, and its performance. To

achieve these, this work is focused on four important problems:
= Simulating 5G throughput
= Setting a testbed to experiment with the 5G NR PHY layer.

= Testbed implementation of 5G NR Sidelink Synchronization.

14



2 Evolution of Sidelink Standardization

In this chapter, the overview history of Sidelink standardization from LTE through 5G
is explained. The focus of the explanation is the overall capabilities of the releases and
the physical layer standardization. Moreover, at the end of the chapter, related works are

presented.

2.1 LTE Sidelink

Proximity Services (ProSe) is one of the main fields leading the creation of the sidelink
communication, a 3GPP study to take care of public safety scenarios after LTE had
become a worldwide success [4] . These services include Direct Discovery and Direct
Communication. Direct Discovery enables two user equipment (UE) that can identify
each other. Moreover, it can also be used in non-public safety use cases such as for
commercial purposes. On the other side, Direct Communication provides data and voice
exchange between two synchronized UEs which uses LTE resources for
communication. In this subchapter, system aspects and PHY layer for Direct

Communication is studied concerning 3GPP Release 12.

2.1.1 System Aspects

ProSe (Proximity Services) concerns about public safety in 3GPP Release 12. When
public safety usage is the main focus, it brings the scenario that the devices might not be
in coverage of the base station. That is why ProSe communication should not depend on
the base station which results in different types of coverage scenarios in D2D
communication. Figure 1 illustrates partial coverage, in coverage and out of coverage
scenarios. UE uses preconfigured resources for the out of coverage case when there is

no coverage on the frequency used for D2D communication.
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Scenario Use Case

Traffic

Offloadin
Coverage 9

Control

& >>
UE 3
| | B
Partial \ / Relaying
Coverage

Base Station
.................................................................................................... PC5
<« >
Out of Public
Safety

Coverage

Figure 1. Different coverage scenarios for ProSe communication and example use cases for
these scenarios [5] .

Base Station

The network architecture of ProSe can be seen in Figure 2. In this configuration, PCS5 is
one of the most important interfaces that combines 2 UEs to direct communication.
Moreover, PC3 is a logical interface that connects UEs with ProSe Function. UE can get

the authorization and security parameters from ProSe Function through this interface [6]

@)

PC5 interface enables direct
communication between 2 UEs

S1
Uu Evolve Packet
Core (EPC)
B s,
PC4
Poa
()
ProSe Function
pC3

Figure 2. Non-roaming simplified ProSe architecture [7] .
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In D2D communication, the data which will be transmitted is created on the application
level of the UE. The protocol used for the transmission and reception can be seen in

Figure 3.

|
Application } Application
I
IP, ARP, L IP, ARP,
Mon-IP | Non-IP

PDCP b PocP
RR¢ |—L1— | RL

|
MAC : MAC
PHY l PHY
|
|
UE A PC5-U UEB

Figure 3. User plane for PCS5 interface [8] .

In this protocol, the main focus of this thesis is the PHY layer. The information about
other layers such as PDCP (Packet Data Convergence Protocol), RLC (Radio Link
Control), and MAC (Medium Access Control) can be found in [9].

2.1.2 The Physical Layer Structure

In this part, the signals and channels that form the physical layer are studied. First, the
synchronization block includes the primary sidelink synchronization signal (PSSS), the
secondary sidelink synchronization signal (SSSS), and the physical sidelink broadcast
channel (PSBCH) with its demodulation reference signal (DMRS) are explained. Then,
the physical sidelink control channel (PSCCH) and shared channel (PSSCH) are
clarified with their locations on the resource grid. Table 1 gives a brief introduction
about these signals and channels. Since this study is focusing on Direct Communication,
the physical sidelink discovery channel (PSDCH) is not included. Last, the resource

pool is explained.

Table 1.Abbreviation and the function of the signals and channels.

Signal/ Channel Abbreviation Function
Physical  Sidelink  Syn-|PSSS Helps to find the centre of
chronization Signal the channel bandwidth in

17



Signal/ Channel Abbreviation Function
the frequency domain and
to achieve symbol, slot and
subframe synchronization
in the time domain[10]
SSSS
Secondary Sidelink Syn- Provides radio frame syn-
chronization Signal chronization
PSBCH
Physical Sidelink Broadcast Carries system information
Channel for UE (Master Information
Block)
PSCCH
Physical Sidelink Control Include Sidelink Control In-
Channel formation (SCI) for differ-
ent types of scheduling in-
formation
PSSCH
Physical Sidelink Shared The channel that includes
Channel the message inside.
DMRS
Demodulation  Reference Decodes the channel that
Signal belongs to

2.1.2.1 Synchronization Block

The synchronization block is a must-have because the receiver side has to synchronize

in time and frequency to the transmitter side to demodulate the data. The

synchronization process varies in different scenarios for example in out of coverage

scenarios (Type 2- without base station synchronization), transmitter UE becomes a

synchronization source if another device’s measured received power of synchronization

signals are below the threshold. On the other hand, if the transmitter UE is in coverage

(Type 1- synchronization with the help of base station), it depends on some

configuration as in Figure 4.

18



When the UE is in coverage, it looks at the Synchronization Control parameter in
System Information Block (SIB) which comes from the network. Then, UE checks if

the received power is sufficient to be a synchronization source or not.

Yes No
In Coverage

‘Synchronization
Control’ is set to Sidelink synchronization

“TRUE” signals from other devices
are above threshold.

Reference Signal
Received Power Yes Yes No
Yes (RSRP) is above
threshold ! !
Don’t become a
No synchronization
source(SynchRef)
Become a
»  synchronization [+
source (SynchRef)

Figure 4. A decision flow of a UE for becoming a synchronization source.

When the UE becomes the synchronization source, it is expected to send 2 types of
synchronization signals which are SLSS (Sidelink Synchronization Signals: PSSS and
SSSS) and MIB-SL (Master Information Block-Sidelink) [4] . When SLSS helps the
receiver UE to understand where the frame begins and ends [10] , MIB-SL has the
information that UE is in coverage or not, also includes the frame and subframe number
information. With these signals, UE obtains information about channel bandwidth in the

frequency domain, and about subframes and slots in the time domain.

The PSSS is based on a frequency domain Zadoff-Chu sequence, SSSS is based on
maximum length sequences (m-sequences) [11] . Moreover, PSSS and SSSS signals
occupy 62 resource elements in the frequency domain (where Synchronization Block
contains 72 resource elements or 6 physical resource block (PRB)) and 2 SC-FDMA
(Single Carrier- Frequency Division Multiple Access) symbols in the time domain. In

the case of a normal cyclic prefix (CP) (14 symbols in subframe), PSSS is located on

19



the 2™ and the 3™ symbols when SSSS is on 12" and 13" in the synchronization
subframe (Synchronization Block). Moreover, MIB-SL is transmitted in PSBCH which
is in the same subframe with the SLSS creating the synchronization block as in Figure
5. The Synchronization Subframe is transmitted every 40 ms even when there is no

message to transmit.

Frame (10ms)

L e et £
subframe 1 ms ~

#0 #1 #2 #3 #4 #5 #eE wr #8 #9

10| 11|12 |13 || 6 PRBs

Mormal CP
=]
L8]
-9
w0
™
=
@
o

slot ) 0.5ms
B rsss
10 | 11 || 6 PRBs I:] DMRS

Extended CP
%]
wy
-y
th
(-}
~
o
w

slot 0.5ms

Figure 5. Synchronization Subframe (1ms) configured by higher layers for normal and
extended cyclic prefix [12] .

On the other hand, when the case is extended cyclic prefix, PSSS is located on the first

2 symbols when SSSS is on 10™ and 11" in the synchronization subframe.

2.1.2.2 Control and Shared Channels

When the synchronization signals are received, then control and shared channels are
taking place. PSCCH includes SCI (Sidelink Control information) [13] . The number of
allocated resource blocks and the location, modulation and coding scheme, and time
resource pattern are some of the information that SCI provides [4] . In other words, the
information about the resource allocation of PSSCH is in SCI. Moreover, SCI is sent

twice to increase correct demodulation probability.
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Physical Sidelink Shared Channel is the channel that carries the message. The message
can be received by multiple UEs in a group since one-to-many scheme is valid for

sidelink transmission.

2.1.2.3 Resource Pools

A resource pool is where PSCCH and PSSCH sources are defined for the respective
channels. These resources repeat themselves with a period range from 40 to 320 ms [14]
. This structure is also called the PSCCH period. The resource pool structure is
necessary since the transmission of PSCCH or PSSCH is not possible in every physical
resource block. For either transmitting or receiving operations, resource pools define the
available resource blocks or subframes. Detailed information about D2D resource pools

can be found in clause 3.2 of [4] .

In Figure 6, the time domain and frequency domain view of a resource pool can be seen.
In the time domain, the subframes used for the ProSe application are represented with
‘D’. On the other side, in the frequency domain, the resources for Sidelink

communication are located in blue blocks called ‘ProSe’.

PUCCH
cellular
¢ PRB-Start
-
z
ProSe =
=
3
cellular
-
z
ProSe >
c
3
cellular PRE-End
PUCCH
.l’f
X

DDWWDWDWDDW -..

- subframe bitmap -

Figure 6. Resource Pool for Sidelink
Communication (The frequency domain on the
top, the time domain on the bottom)[4] .
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In Figure 7, an example for PSCCH Period is shown with synchronization signals, SCI
and the selected resources in the shared channel. More examples and explanation can be

found in [15].

PSCCH PSCCH period #0 (FDD)

25

PSSCH nPSCCH: O
ITRP: &
Freq Hopping: 1
Hopping Bits Walue: 1
20 RIV: 225
Resources
" selected by SCI
% messages
215
=
d
F
=
[=]
D
o 10
5
5 10 15 20 25 30 35 40
5LSS Subframes

Figure 7. An example of PSCCH period (full-band resource pool) including PSSCH resources
selected by SCI [15].

In PSCCH period, synchronization signals are located in the middle of the frequency
domain. Moreover, we can see that SCI is transmitted twice to secure that control
information is transmitted. Lastly, with the information coming from SCI, the resource

locations inside the shared channels are represented in this figure.

The physical layer of D2D communication in Release 12 is studied in this subchapter.

In the next subchapter, Release 14 standards are explained for sidelink communication.

2.2 LTE Vehicle to Everything (V2X)

The improvements with Release 14 is studied in this subchapter under the name of LTE
‘Vehicle to Everything” communication. The ‘X’ inside V2X refers to V-Vehicle, P-

Pedestrian, I-Infrastructure, and N- Network as in Figure 8.
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~ ehicle-to-
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-

Vehicle-to- |
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\(;I/ L‘: LS >

Road Side
Unit

Figure 8. V2X use cases [16] .

The physical layer changes after D2D, new modes, and new features are explained

within the scope of the PHY layer.

2.2.1 Overall Enhancements

Since D2D communication was aiming at public safety solutions, it was not providing
the requirements for V2X communication. Moreover, D2D communication was a bit
problematic with latency handling. Release 14 proposes two more modes added to the
existing D2D modes, to achieve requirements to have V2X communication. In the end,

the 4 modes are:
= Mode 1: D2D with the help of a base station,
=  Mode 2: D2D out of coverage ( without the base station),
=  Mode 3: V2X with the help of a base station,

=  Mode 4: V2X without the base station.
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Since V2X is bringing new use cases, it also comes with new problems. Release 14 has
some characteristic attributes in comparison to Release 12 such as high Doppler shifts

due to vehicle movements, high reliability and low latency requirements, etc [18] .

Besides the comparison, multiple bandwidth options are available in LTE-V2X such as
1,4 MHz, 5 MHz, 10 MHz, and 20 MHz [19] . Furthermore, it also provides fixed

subcarrier spacing which is 15 kHz.
2.2.2 The Physical Layer Improvements
The differences between V2X and D2D in the sense of signals, channels, resource

allocation, and resource pool are studied in this part.

The LTE V2X uses the same signals and physical channels as in D2D which are, PSSS,
SSSS, DMRS, PSBCH, PSCCH, PSSCH. Also, LTE-V2X uses SC-FDMA transmission

scheme as in D2D.

2.2.2.1 Synchronization Block

The differences in the synchronization block with Release 14 is generally with the
resource allocation. SLSS side of the synchronization block, i.e. PSSS and SSSS are
generated in the same way as in the D2D, even the locations in the synchronization

subframe are the same ( PSSS: 2™ and the 3™ symbols, SSSS: 12 and 13™ symbols).
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On the other hand, the location of PSBCH and its DMRS in the synchronization is
changed as in Figure 10. DMRS are transmitted in the 5", 7" and in 10" symbols of the
subframe. Moreover, the period of the transmission of MIB-SL inside PSBCH is also
changed to 160 ms from 40 ms.
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Figure 10. LTE-V2X synchronization subframe with the normal cyclic prefix [20] .

As can be seen in the figure, synchronization signals are located in the middle of the
synchronization block in terms of frequency. In other words, SLSS with 62 subcarriers

are located in the middle of 72 subcarriers (6 PRBs) of the synchronization block.

2.2.2.2 Resource Pools

The resource pool configuration for all the modes is explained very well in reference
[21] with Figure 11. In this figure, the comparison of resource pools between Modes 1-
2 and Modes 3-4 is shown. At three different moments, the packets (50, 7 and 120
Bytes) arrive from higher layers. The arrows from SCI show which places will be
occupied with the message inside the shared channel. The first difference between these
two resource pools, (a) and (b), is the latency difference. In Mode 1-2, the packets are
waiting for t1, t2, and t3 amount of time. On the other hand, for Mode 3-4, the waiting
time for packets are t1°,t2°, and t3° which are a lot less than the ones in Mode 1-2. This
explains why Mode 3-4 resource pool structure provides low latency. The second is
spectral efficiency. Figure 11, for the 7 Bytes packet, the subchannel is barely used and
the rest of the subchannel cannot be used for transmission or by other UEs. Since the

data transmission has to start from the lowest point of the subchannel, the scheduling
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flexibility of the resource allocation is decreased. This fact also brings higher collision

probability in the case where multiple UEs transmit at the same time.
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Figure 11. Resource Pool structure: (a) Mode 1-2, (b) Mode 3-4 [21] .
These are showing that one of the main focus in the new design of the resource pool is

on the latency problem, to be affected by Doppler Shift in minimum amount.

Until now, the standards until Release 14 is explained. In the following chapter, 5G NR
Sidelink with Release 16 is studied in the aspect of the physical layer.

2.3 5G New Radio Sidelink

3GPP has shared the specifications about 5G NR Sidelink starting with Release 16. In
this part of the thesis, overall information about 5G NR Sidelink, the features in the
PHY layer that come with the newest releases, and comparison with the previous

releases also with the 5G NR structure are studied.
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2.3.1 Overall New Radio Sidelink

5G NR V2X includes more advanced use cases than LTE V2X such as vehicular
platooning, extended sensors, advanced driving, and remote driving. Some of the
requirements that suggested cases need are 1Gbps throughput, 1000 meters of maximum
sidelink range, 99.999% reliability, and 3 ms latency [22] . Some of the features that
added to 5G NR Sidelink to fulfil these requirements are [3] :

= In addition to broadcast, groupcast and unicast are also supported. Moreover, a
new physical channel (Physical Sidelink Feedback Channel (PSFCH)) is
designed to make the receiver UE give feedback about decoding to the

transmitter UE.
= New resource allocation procedure with a new version of PSCCH.

Besides these, in 5G NR V2X, the number of modes dropped to 2 from 4 as in Figure
12.

Release 12 Release 14 Release 16
e ™
Type 1 Mode 1
Supervised from Supervised
D base station No new
2 S - / changes
s e ™ specifically
D Type 2 e S for D2D
Unsupervised .
L Unsupervised
communication
o - )
e N ™
Mode 3 L, Mode 1
v Supervised Supervised
. AN J
2 s N ™
X Mode 4 ] Mode 2
Unsupervised Unsupervised
N /L J

Figure 12. Modes of sidelink communication in different releases.
In Release 16, the design and new features of 5G NR Sidelink are aiming for V2X

applications, that is why there are no new features specifically on D2D communications.
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2.3.2 The Physical Layer Structure

The 5G NR sidelink supports not only 15 kHz subcarrier spacing (SCS) as in LTE but
also supports 30, 60, and 120 kHz SCS [23] . As a result, the symbol duration shrinks
by a factor of 2 when SCS is doubled. This can be used against the Doppler effect to
increase the robustness with low symbol durations. Moreover, SG NR Sidelink uses
OFDM (Orthogonal Frequency-Division Multiplexing) symbols instead of SC-FDMA

symbols.

The physical channels and signals that 5G NR sidelink uses are PSBCH and its DMRS,
PSCCH and its DMRS, PSSCH and its DMRS, PSFCH, PSSS, SSSS, PT-RS (Phase
Tracking Reference Signal), and CSI-RS (Channel State Information Reference Signal).
Also, the modulation schemes that are available in 5G NR sidelink are QPSK, 16-QAM,
32-QAM, and 64-QAM[20] .

2.3.2.1 Synchronization Block and SLSS

The MIB is transmitted every 160 ms in 11 resource blocks with possible repetitions in
the period. DMRS for PSBCH is located in every symbol for PSBCH. Moreover, PSSS
and SSSS are transmitted in 127 subcarriers of the synchronization block bandwidth.
The 2nd and 3rd symbols are occupied by PSSS, 4th and 5th symbols are occupied by
SSSS which use M-sequence and Gold sequence respectively. In Figure 13, a
synchronization block MATLAB visualization and the locations of the signal on the
right is shown. In every symbol for PSBCH, it carries DMRS in every 4th subcarrier
starting from the first.

A slot containing S5-5SB for normal CP

— Channel or OFDM Subcarrier
— Signal Symbol number
E Number
— PSSS 23 3,4,..129
— &
g — - u
. ?BCHWlth_A 3555 4-5 3,4,...129
_§ — its DM RS m— R
— D
E PSBCH 1-6-7-8-9-1 | 1,2,...,132
— 0-11-12-13
— DMRS for 1-6-7-8-9-1 | 1,5,9,...,129
— — PSBCH 0-11-12-13

2 4 6 8 10 12 14
OF DM Symbols

Figure 13. An example of NR sidelink synchronization block for normal CP.
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The differences between Figure 10 and Figure 13 shows that the location of the SSSS
and DMRS are changed.

2.3.2.2 Control, Shared and Feedback Channels with Resource Pools

In 5G NR sidelink, SCI is transmitted differently than the previous releases since in the
new design, SCI is sent in 2 stages. The first part of the SCI is inside PSCCH with the
information about resources for PSSCH and about decoding the second stage of SCI.

The second part is in PSSCH with the remaining scheduling information for PSSCH [3]

The receiver UE can have the new channel, PSFCH, in groupcast and unicast [3] . This
channel transmits 1 bit of feedback to the transmitter side in order to acknowledge that

transmission is succeeded or not.

An illustration of a slot example for in time and frequency multiplexing between

PSCCH, PSSCH and PSFCH can be seen in Figure 14.
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Figure 14. Multiplexing of PSCCH, PSSCH and PSFCH [3] .

14 OFDM symbols constitute a symbol for the normal cyclic prefix (12 OFDM symbols
for extended CP). Since the subcarrier spacing is not fixed in 5G, a slot can vary from 1

ms to 0.125 ms. When SCS is 15 kHz, a slot becomes 1 ms. Also, when SCS is 120
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kHz, a slot is 0.125 ms. Furthermore, the automatic gain control (AGC) in Figure 14 is a

duplicated symbol of the second symbol located in the first symbol of the slot [24] .

2.3.3 Synchronization Block Differences Between SG NR and 5G NR Sidelink

This comparison is for understanding the differences in synchronization blocks to
develop sidelink from 5G NR. The synchronization block has 4 symbols and 20
Resource Blocks (RB) in 5G NR while 5G NR sidelink has 14 symbols and 11

Resource Blocks [25] . 5G NR synchronization block can be seen in Figure 15.
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Figure 15. 5G NR Synchronization Block [26] .

The sequence generation for PSS and SSS is almost the same as PSSS and SSSS
respectively. The only difference is in the sequence generation between PSS and PSSS
which can be seen in clauses 7.4.2 and 8.4.2. in [25] respectively. Moreover, Physical
Broadcast Channel (PBCH) includes its DMRS in every 4™ subcarrier as in 5G NR
sidelink.

2.4 Related Work Analysis

In this subchapter, the works related to this thesis are studied. In Table 2, the novel

studies are shown with their focuses.
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Since the main references are the 3GPP standards, they are separated from the table
below. In order to find all of the 3GPP references check [27] , and also, all V2X related
3GPP standards can be accessed from [28] . Moreover, the standards that are used

directly in this thesis are [8], [9],[13], [20], [22], [25], [34], and [35] .

Table 2. List of the newest Sidelink communication-related works.

Reference Focus

[3] (2020) Essential knowledge of 3GPP 5G NR sidelink transmission regarding
Release 16 and evaluation of the new design of SCI.

[24] (2021) A detailed study on 3GPP Release 16 5G NR V2X and explanation for
the concepts, the architecture, and all of the key aspects.

[29] (2020) Analyzing V2X standards and optimizing 5G with V2X.

[30] (2020) A paper of 3GPP Release 16 capabilities on NR V2X.

[31] (2020) A new structure proposal for non-AGC symbol design for the physical
channels in 5G NR V2X.

[32] (2020) A thesis for analyzing the concepts for V2X Mode-4.

All of these references are good sources that support 3GPP standards. Since these
standards could be hard to understand, these papers clear out the idea and make it easier

to understand for the researchers.

In the following chapter, 5SG performance is studied with MATLAB simulator to
understand the improvements on 5G and also for 5G NR Sidelink.
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3 5G New Radio Throughput Simulator

In this chapter, a simulation using MATLAB to test 5G throughput with power
transmission, between a base station and user equipment is explained. First, a UE is
located at a configurable distance from the base station with defined maximum
transmission power of the base station. After the first distance is taken (starting from
Im), the simulator calculates signal to noise ratio (SNR). With the found SNR, the data
rate or latency or packet error rate (PER) is calculated depending on the simulation type.
Then, this process repeats while the distance is increasing until the decided distance
(ending at 500 m). Moreover, this simulation is repeated for 5 different maximum

power values to compare.

When the simulator got the SNR, it chooses a modulation coding scheme (MCS) which
defines two aspects, modulation and code rate. Modulation is representing how many
bits will be carried by a single resource element where QPSK, 16 QAM, 64 QAM, and
256 QAM modulation types are supported by 5G NR. On the other hand, code rate
defines the ratio of useful bits over total transmitted bits [33] . 32 MCS indexes are
supported by 5G NR when the last 3 indexes are reserved and used for re-transmission.
As an example, the 256 QAM table can be seen in Figure 16 which can be used when
the radio connection is very good. This figure shows the modulation order, the target

code rate and the spectral efficiency for every MCS index.

The simulation is choosing one of these MCS indexes with respect to found SNR. If the
SNR is high, which means signal quality is high, and power can afford a high coding
rate. In this case, the MCS index will be chosen from one of the higher values since a
high MCS index (until 27) means a high code rate. A higher code rate will result in a

higher data rate, lower latency and lower PER.
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MC?ML';"“ Mocks 'at'c;’m“ Order | rarget code Rate R x [1024] efﬁfﬂ;i;
0 2 120 0.2344
1 2 193 0.3770
2 2 308 0.6016
3 2 449 0.8770
4 2 602 1.1758
5 4 378 1.4766
6 4 434 1.6953
7 4 490 1.9141
8 4 553 2.1602
9 4 616 2.4063
10 4 658 2.5703
11 6 466 2.7305
12 6 517 3.0293
13 6 567 3.3223
14 6 616 3.6094
15 6 666 3.9023
16 6 719 4.2129
17 6 772 4.5234
18 6 B22 4.8164
19 6 B73 5.1152
20 8 682.5 5.3320
21 8 711 5.5547
22 8 754 5.8906
23 8 797 6.2266
24 8 841 6.5703
25 8 B85 65.9141
26 8 916.5 7.1602
27 8 948 7.4063
28 2 reserved
29 4 reserved
30 6 reserved
31 8 reserved

Figure 16. Modulation and Coding Scheme Table for 256 QAM [34] .

The setup of the simulation and the results are presented in the following sub-chapters.
Furthermore, the number of the chosen index during the simulation is provided at the

end of the simulation results.

3.1 Simulation Setup

The simulation parameters are shown in Table 3.

Table 3. Simulation Parameter Setup

Simulation Parameter Type/Value

Channel Model CDL (Clustered Delay Line) and TDL
(Tapped Delay Line) [35]
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Simulation Parameter Type/Value

Noise AWGN (Addittive White Gaussian Noise)
Scenario Non-line-of-sight-propagation

Layout Single Cell

Path Loss Exponent 2.75

Antenna Configuration Single Antenna

Interference Type No Inter-Cell Interference

3.2 Simulation Results

The simulation results are based on the data rate, transmitter power, latency, and PER.

3.2.1 Data Rate vs Distance

In Figure 17, the simulation result shows the curve of data rate vs distance when the
maximum power of the signal that the base station transmits changes. The maximum
power of the transmitted signal varies from 14 dBm to 44 dBm. When the power is
high, SNR is high. Consequently, the MCS index chosen from the simulator is high
which results in high useful bits (high data rate). As the power decreases, the data rate
decreases with the change of MCS. On the other hand, when the distance between the
base station and user equipment increases, the data rate decreases. In Figure 17, when
the distance between the transmitter and the receiver is 500 meters, the data rate
dropped almost 0 when the power is low (14 dBm), however, for high power, the data

rate drops slightly from 21 Mbps to 18.5 Mbps.

34



Throughput vs Distance
T

~ ' ' ' Transmitted Power [dBm]
—Pix = 14
—Pix=20
Ptx= 23
208 —_ e g Ptx= 35
B \, “-h--____hhx‘ B - = —Pix=44
\\ — .
\'\ b -HH"‘H-M
@ \ : e
a {5 \ =S i
F =) b —
S \\ \ . -
\ \ ~—
9 \\ M -H“"m_
2] \ N =
E 10+ \\ L M 4
2 b
1 \\\ . |
\\R
0 | | | __________I_____——A
0 100 200 300 400 500 600

Distance [Meters]

Figure 17. Data Rate vs Distance simulation results.

3.2.2 Latency vs Distance

In this part, latency comparison is made with different power levels of transmission and

different packet sizes.

For the power level comparison, when power decreases, the data rate decreases as in the
previous chapter. With low data rates, the data transmission takes a long time which

results in higher latency as in Figure 18.

Latency vs Distance

120
Transmission Power [dBm]

—Pix =14
—— Pt =20
100 Pix = 23 =

——Ptx =35
——Plx=44

80 / 1

o /
3 ¥ o
S 60 / |
2 /
]
] Vi
40 - 1
f'/
74 /
20+ A p _
/ ] :
) L — ———— 1 L
0 100 200 300 400 500 600

Distance [Meters]

Figure 18. Latency vs Distance simulation results.
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3.2.3 PER vs Distance
The packet error rate is the proportion of received packets with an error in percent for

evaluating the performance of a receiver. In this part of the simulation, PER has been
represented for different values of maximum transmission power. As in Figure 19, PER

goes to 1 faster with increasing distance when the power is low. In other words, more

maximum transmission power means less error rate in the received packets.
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Figure 19. PER vs Distance simulation results.

3.2.4 Modulation and Coding Scheme Selection
In the simulation, 28 MCS indexes are used, and from Figure 20 and Figure 21, the
density of usage per index can be seen in the MCS index histogram. When Figure 20

presents the histogram for 200 meters, Figure 21 shows the histogram for 500 meters.
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Figure 20. Histogram for MCS Index Usage for 200 meters.

Figure 20 shows that when the distance is relatively short, the simulator tends to choose

higher MCS indexes, which results in a higher data rate.

MCS Index Usage (500 Meters)
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Figure 21. Histogram for MCS Index Usage for 500 meters.

On the other hand. Figure 21 supports the idea that when the distance is further than 200
meters, the simulator chooses lower MCS indexes in order to have safe transmission,

results in lower data rate and higher latency.
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4 5G New Radio Testbed

The main idea of the work is to develop an algorithm for the sidelink physical layer to
be implemented in 5G New Radio. For this purpose, OpenAirlnterface (OAI) has been
chosen as a software tool to have a 5G Radio Access Network (RAN) as a first step
which will be explained more in the following subchapter. The second step in the
development is making sure of having a working PHY layer on 5G NR since the
sidelink will be an attachment on that configuration. Therefore, a couple of tests and
simulations have been done on the software to see whether OAI software is convenient
to meet the requirements on developing the sidelink physical layer. When the 5G NR
physical layer is working without any issues, which means sidelink can be developed on

top of it.

In this chapter, the testing process of the software is explained thoroughly. First, there
will be configuration details for the development setup of the system and the software
related information. Then, the connection details between UE and the base station will

be explained. Finally, the results that led to proceed with sidelink will be shown.

4.1 OpenAirInterface

OpenAirInterface is an open software to build wireless cellular Radio Access Network
(RAN) and Core Network (CN) technologies [36] . 5G RAN is an ongoing project
within the OAI which is aiming to have an end-to-end deployment of a 5G network [37]
. To achieve that, the 5G protocol stack for UE has been built which is necessary to
have sidelink communication in 5G. The main goal of the project is to provide all layers
of the 5G RAN protocol stacks specified by 3GPP. Since OAI Project Group has
already provided the PHY layer for the UE and gNB, it was a sufficient choice to work
with OAL

In this software, there are four main executables which are called “soft modems"

representing UEs and base stations for both LTE and 5G NR. UE soft modems (lte-
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uesoftmodem and nr-uesoftmodem) are coded so that they can establish a connection
with the network as a smartphone does in everyday life. On the other hand, base station
softmodems (Ite-softmodem as eNB and nr-softmodem as gNB) are representing the
base stations to supply RAN to its users. The features of these soft modems can be

found in [38] and the information has been updating continuously with the project.

4.2 Development Setup

In this subchapter, the details of the setup for the testbed which are the requirements for

the OAI 5G RAN setup, are explained.

To test the 5G NR connection between the base station and a UE which supports 5G,
the soft modem that represents gNB (nr-softmodem) should be run on a communication
platform (USRP Software Defined Radio Device [39] ). On the other hand, to have a
user connection on the network, another USRP is needed to run UE soft modem (nr-

uesoftmodem) on it. In Figure 22, an example of a USRP board is shown.

Figure 22. An example of USRP B210 device
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As a communication device, USRP B210 is used. This platform can support up to 30.72
MHz of bandwidth in a 2x2 MIMO configuration [40] . This amount of bandwidth is
feasible for testing 5G NR Sidelink, however, for general SG NR usage, the latest
version of the USRP (N310) would be a better choice in sense of bandwidth (up to 100
MHz). USRP B210 device will behave as both user equipment and base station

depending on the configuration.

To run the soft modems, Ubuntu 16.04 or 18.04 LTS is needed [41] . All of the source
codes and header files are created using the C programming language. In Figure 23, the

USRPs with mini computers can be seen.
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Figure 23. USRPs with mini PCs running OAI software (UE on the left side, gNB on the right
side).

To set up the software, the documentation supported by OpenAirlnterface has been

followed and at the end of this setup, the four different soft modems are ready to use.
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4.3 Physical Layer Test

In this section, the simulation and the tests for 5G NR are explained. The RF simulator
part presents the computer simulation to test the physical layer for 5G NR. On the other
hand, the Physical Test Setup part explains the details for real-time physical layer test
for 5G NR with USRP devices.

4.3.1 RF Simulator

RF simulator is an OAI feature that helps to test the OAI without any RF board since it
imitates one. This simulator creates a non-real-time simulation that allows us to use a
network interface to connect UE and related base station, gNB. Moreover, we can check
signal processing algorithms and protocol implementations with this tool. The aim of

the simulation is to test the physical layer of 5G NR and its protocol.

To run the RF simulator, the configuration in [42] is applied. These configurations are
making the executables ready for the physical layer simulation. After this point, with
separate terminal windows in the same computer, the simulation can be run. To run the
5G NR PHY layer simulation, the following commands should be applied with the
dedicated setup explained in clause 4.2. The commands that specify the necessary

configurations for both gNB and UE are :

= For gNB: § sudo RFSIMULATOR=enb  .nr-softmodem -O
./ Jtargets/PROJECTS/GENERIC-LTE-EPC/CONF/gnb.band78.tm1.106PRB
.usrpn300.conf --parallel-config PARALLEL SINGLE THREAD  --rfsim --
noS1 —phy-tes

= For UE: $ sudo RFSIMULATOR=127.0.0.1 ./nr-uesoftmodem --rfsim --noS1 --
nokrnmod 1 --phy-test

Running the command for gNB in a terminal is checking the source codes of the
physical layer for gNB and establishing a virtual network to be connected by a UE.

When the system is ready to broadcast, it is searching for virtual UEs.

Running the UE scenario command on another terminal configures virtual user
equipment which checks the physical layer codes as for gNB and tries to connect to a

virtual base station. When the UE is ready to connect, it is searching for a base station.
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When both configurations are done, these virtual environments are connecting as can be
seen from Figure 24 and Figure 25. In Figure 24, the gNB side of the connection is

shown which includes uplink and downlink shared channel parameters continuously.

dlsch_rounds 2856/86/86/86, dlsch_errors 85

dlsch_total_bytes 6948648

ulsch_rounds 3199/@/@/0, ulsch_errors @
ulsch_total_bytes_scheduled 3381343, ulsch_total_bytes_received 33

ULSCH RNTI 1234: round_trials 3200(0.0e+00):0(0.06e+00):0(0.0e+00):0, cur
2, current_RI 1, total_bytes RX/SCHED ©/3382400

UE ID ® RNTI 1234 (1/1)

UE ©: dlsch_rounds 2984/86/86/86, dlsch_errors 85

UE ©: dlsch_total_bytes 7260072

UE ©: ulsch_rounds 3327/0/6/6, ulsch_errors @

UE ©@: ulsch_total_bytes_scheduled 3516639, ulsch_total_bytes_received 35

Repeating log file when a UE is
connected to the network

rent_Qm 2, current_RI 1, total_bytes RX/SCHED ©/3652992

|
Figure 24. The gNB terminal when UE is connected on the simulator.

In Figure 25, the UE part of the connection can be seen which is mainly decoding the
Master Information Block (MIB), which is the carrier of the data that wanted to be

shared.

[L2][MAC] decode mib
[L2][MAC] decode mib
[L2][MAC] decode mib
[L2][MAC] decode mib
[369.1] Received TA_COMMAND 31 TAGID O CC_id @

[L2][MAC] decode
[379.1] Received
[L2][MAC] decode

[L2][MAC] decode

[L2][MAC] decode mib

[L2][MAC] decode

[389.1] Received TA_COMMAND 31 TAGID @ CC_id @
[L2][MAC] decode mib

[L2][MAC] decode mib

[L2][MAC] decode mib

Figure 25. The UE terminal after UE is connected to gNB.

These results show that the RF simulator is working properly, which means that the
code for creating signals and channels inside the PHY layer can be taken as a reference

for sidelink development.

4.3.2 Physical Test Setup

In this part, the physical layer of the 5G NR is tested in real-time with the connection of
one UE and two UEs separately to the same OAI base station. The goal of this testbed is
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to connect a UE with a base station and check their physical layer protocol such as

synchronization, and uplink protocols.

This test is quite similar to the previous RF simulator but in real-time. One USRP with
one computer has gNB with the nr-softmodem executable running and the other USRP

with its computer has UE configurations with nr-uesoftmodem running.

To run UE in one USRP, the command applied to the terminal is “$ sudo ./nr-
uesoftmodem -E --phy-test”. This command will start the process of configuring the

parameters for UE and will check the signals to synchronize the UE with a gNB.

When all the configurations for initializing the OAI platform and initializing the UE is
done, the software will run the synchronization thread continuously. In this thread, UE
is first looking for Primary Synchronization Signal’s (PSS) position. Then, it looks for

Secondary Synchronization Signal (SSS) and finally Physical Broadcast Channel.

In Figure 26, the phase that UE is looking for synchronization can be seen. The green

light represents that the device is in receiving mode.

UE with Receiver Led On

Figure 26. A UE looking for synchronization signals from the gNB.

An example of synchronization establishing moment can be seen in Figure 27. The

screenshot of the terminal window shows that the software is looking for signals to
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synchronize itself continuously, and when it is found, the synchronization process is
handled. In the end, decoding MIB proves that the data sent from gNB is decoded in UE
which shows that synchronization signals, broadcast channel, control channel and the

shared channel is working.

dragon@dragon-GB-BRi5-H-8250: ~fopenairinterface5g/cmake_targets/ran_build/build

Edit View Search Terminal Help
LPHY] [SCHED ||UE] Check absolute frequency DL 3619080000.000000, UL 3619080000.000000 (RF ca
rd 0, oai_exit ®, channel @, rx_num_channels 1)
Starting sync detection
[UE thread Synch] Running Initial Synch (mode ©)
[UE] nr_synchro_time: Sync source = 0, Peak found at pos 26j36, val = 3635314 (65 dB)
avg 61 dB, ffo ©.000000 UE
SS execution duration 450262 microseconds
[UE@] Initial sync : Estimated PSS position -1, Nid2 © H s
sync_pos -1 ssb_offset 460691 SynChronlzatlon
TDD Normal prefix: error condition: sync_pos -1 thread is
[UE] nr_synchro_time: Sync source = 2, Peak found at pos 18 ]
avg 61 dB, ffo 0.000000 looking for
5SS execution duration 446802 microseconds . .
[UE®] Initial sync : Estimated PSS position -1, Nid2 2 SynChronlzatlon
sync_pos -1 ssb_offset 460691 H
TDD Neormal prefix: SSS error condition: sync_pos -1 Slgnals
[UE®] Initial sync : Estimated power: @ dB
[SCHED][UE] Check absolute frequency DL 3619888080.080000, 3619080000.000000 (RF ca
oai_exit 0, channel 0, rx_num_channels 1)
Starting sync detection
[UE thread Synch] Running Initial Synch (mode 8)
[UE] nr_synchro time: Sync source = @, Peak found at pos 30j@16, val = 1837654900 (90
dB) avg 62 dB, ffo 0.0900000
SS execution duration 449659 microseconds
[PHY] [UE®] Initial sync : Estimated PSS position 304416, Nid2 ©
[PHY] sync_pos 304416 ssb_offset 304308
[PHY] Calling sss detection (normal CP)
Nid2 0 Nidl @ tot_metric 31344, phase_max 5
[PHY] [UE®] Initial sync: starting PBCH detection (rx_offset 0)
[MAC] [L2][MAC] decode mib
[PHY] [UE®] Initial sync: pbch decoded sucessfully UE found the
TDD Normal prefix: Cellld © metric 31344, phase 5, pbch @ . .
[UEB] In synch, rx_offset 300996 samples SynChronlzahon
[UE ©] RRC Measurements == rssi -inf dBm (dig -inf dB, gain H
dBm/RE, rsrq -inf dB Slgnals and
[PHY] HW: Configuring channel @ (rf_chain 8): setting tx_gain 20. 1
tx_freq 3619080000.000008 Hz, rx _freg 3619080000.000000 Hz SynChr0n|29d
[PHY] HW: Configuring channel 1 (rf_chain ©): setting tx_gain 20. VVitI1 S]Pd[3
tx_freq 0.000000 Hz, rx_freq 0.000000 Hz
[PHY] HW: Configuring channel 2 (rf_chain @): setting tx_gain 20.§@0600, rx_gain 110.000000,
tx_freq 0.000000 Hz, rx_freq 0.000000 Hz
[PHY] HW: Configuring channel 3 (rf_chain ©): setting tx_gain 20.@0000, rx_gain 110.000000,
tx_freq 0.000000 Hz, rx_freq 0.000000 Hz
[PHY] Got synch: hw_slot offset 26, carrier off @ Hz, rxgain 110.@ooe8 (DL 36196080000.00000
, UL 3619080000.000000 Hz)
Setting USRP TX Freq 3619080000.000000, RX Freq 3619080000.000000
[PHY] Resynchronizing RX by 300996 samples (mode = 0)
[MAC] [L2][MAC] decode mib
LLLLLLLLLLL L L L L L L LLLLLLLLLLLLLLLLLMAC] [L2][MAC] decode mib

Harq round stats for Downlink: 1 0 DLSCH errors: @

[L2][MAC] decode

[L2][MAC] decode

[L2][MAC] decode mi .
[L2][MAC] decode mi Decoding of
[L2][MAC] decode

[L2][MAC] decode MIB repeatedly

[L2][MAC] decode

Figure 27. NR UE log file which shows the synchronizing moment.

Moreover, when another UE is added to the system with a new computer and a USRP
while one UE is already synchronized and connected to the base station, the new UE

can also be synchronized and connected to the same base station.
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On the other hand, the command that starts the gNB configurations as the base station is
“$ sudo ./nr-softmodem -E -O ./././targets/PROJECTS/GENERIC-LTE-EPC
/CONF/gnb.band78.tm1.106PRB.usrpb210.conf --phy-test”. OAI configurations are
being handled with this command for having a gNB. When all the configurations are
done, the threads are running continuously for broadcasting. Some of the RLC and PHY

layer protocol results are printed on the terminal screen as in Figure 28.

kasutaja@ie100Ll: ~fopenairinterface5g/cmake_targets/ran_build/build

Allocating Transport Channel Buffer for ULSCH, UE 1
ru_thread_prach() RACH waiting for RU to be configured
ru_thread prach() RU configured - RACH processing thread runni
Mapping RX ports from 1 RUs to gNB @
gNB->num_RU:1
Attaching RU @ antenna @ to gNB antenna ©
Initializing gNB processes instance:® CC_id @
gNB->single_thread flag:1

create a thread for core -1

ALL RUs ready - ALL gNBs ready

Sending sync to all threads

About to call end_configmodule() from main() /home/kasutaja/openairinterfpce5g/executables/nr

-softmodem.c:927

[CONFIG] calling config module end function...

got sync (ru_thread)

[CONFIG] free 346 config value pointers

Called end_configmodule() from main() /home/kasutaja/openairinterface5g/gkecutables/nr-softmo

dem.c:929

TYPE <CTRL-C> TO TERMIMNATE

Entering ITTI signals handler

[PHY] RU ® rf device ready

RU © no asynch_south interface gNB Conﬂgurat'on

Broadcasting Synchronization Signals

[mac_rlc_status_ind] Radio Bearer (channel ID 4) is NULL for UE with rntiP 1234
ULSCH RNTI 1234: round_trials 1(0.0e+00):0(0.0e+00):0(0.0e+00):0, current_Qm 2,
, total bytes RX/SCHED 0/1057
[mac_rlc_stat ind] Radio Bearer (channel ID 4)
[mac_rlc_stat ind] Radio Bearer (channel ID 4)
[mac_rlc_stat ind] R o Bearer (channel ID 4)
[mac_rlc_status_ind] Radio Bearer (channel ID 4)
[mac_rlc_status_ind] Radio Bearer (channel ID 4)
[mac_rlc_status_ind] dio Bearer (channel ID
[mac_rlc_status_ind] Bearer (channel ID
[mac_rlec_status_ind] Bearer (channel ID
[mac_rlc_stat ind] Radio Bearer (channel ID
[mac_rlc_stat ind] Radio Bearer (channel ID
Radio Bearer (channel ID

NULL for UE with rntiP 1234
NULL for UE with rntiP 1234
NULL for UE with rntiP 1234
NULL for UE with rntiP 1234
NULL for UE with rntiP 1234
NULL for UE with rntiP 1234
NULL for UE with rntiP 1234
NULL for UE with rntiP 1234
NULL for UE with rntiP 1234
NULL for UE with rntiP 1234
NULL for UE with rntiP 1234

wwymwmunmn

wwmwmn

e e R P P P
[y

w

Figure 28. The gNB log file for the moment that it starts broadcasting synchronization signals.
In the following Figure 29, the state where UE and gNB are connected can be seen. The
green light represents, the device is in receiving mode, and the red light means that the

platform is transmitting signals.
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Red and Green L :

Figure 29. Physical layer connection between UE and gNB is established.

Physical layer test results are showing that the signals and the channels in the PHY layer
for 5G NR are working properly. Since the signals and channels for sidelink are created
by taking 5G NR codes as a reference and applying the sidelink standards on it, the 5G
NR test is an important step.

These RF simulations and physical layer tests are sufficient enough to build up the

sidelink feature on the existing UE software which is explained in the following chapter.
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5 5G New Radio Sidelink Testbed

In this part of the thesis, the process of sidelink development is explained in detail.
First, the main plan for the development of the sidelink physical layer with the working
flow of OAI software is explained. Then, the development phase of the SG NR Sidelink
is explained with graphs for the embedded system. At the end of the chapter, the final

status of the development process and possible future moves are studied.

5.1 Roadmap for Development

Since sidelink development on 5G NR is a very recent topic, there is no open-source
real-time development, even there is no open-source simulation tool with 5G NR
Sidelink with the latest release (Release 16) until this time. That is why, before starting
the programming side of it, the OAI software should be examined in a way that

developing sidelink on it can be possible.

OALI is supporting LTE, LTE-Sidelink and 5G NR soft modem development codes in
which all have PHY layer development. To create a 5G sidelink soft modem from these
codes, the differences between LTE and LTE-Sidelink, 5G NR and LTE were checked.
Moreover, the way that OAI creates executables such as soft modems should have been
understood to implement 5G Sidelink in the same way that OAI implements for the 5G
NR or LTE. In the following subchapter, details about the investigation of OAI 5G NR

codes and LTE-Sidelink codes are explained.

After having an overall understanding of the concept, the development has started.
During the development, LTE-Sidelink codes are the main reference although the
development is going on top of 5G NR codes. In other words, for the main function that
combines all the initializing process of the OAI, the sidelink communication, and
threads that control the transmitting and receiving signals, LTE-Sidelink code is the
main reference. On the other hand, for generating signals and channels such as PSSS,

SSSS, PSBCH, etc., the 5G NR code is leading the development.
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Besides these, the main idea is developing the 5G Sidelink step by step since it can be
very complicated if the task is tried to be handled at once. Therefore, the first focus is
having 2 UEs synchronized without the help of the base station (out of coverage
scenario). Under the synchronization, the task was mainly creating Synchronization
Signals Block (SSB) which includes PSSS, SSSS and PSBCH with its DMRS and
running these source code files inside the main function that initializes the OAI and
running the threads that allow communication. In subchapter 4.3, the development of

these steps is explained.

5.2 Embedded Flow in OAI for UE SoftModem

The embedded system of the OAI soft modems is ramified, therefore; an additional tool
is used to understand which of the files are included under the main function, and which
files are called by the main function. This tool is called Doxygen which helps
developers who try to use someone else’s code and make changes to it. An example of a
graph diagram that Doxygen provides for the main function of nr-uesoftmodem can be

seen in Figure 30.

5.2.1 Overall Explanation of the Flow Chart

This part of the thesis is giving an overview of how the setup is handled by the OAI soft
modem. It can be beneficial for the new users of OAI to understand the coding
structure. This part is studying the main function of the source files for the UE soft

modem in OAI software.

First of all, the necessary functions are called by the main function to initialize the OAI
system and getting options from the user to specify which kind of scenario is going to
be handled. For example, starting the background system, initializing logging, getting
command-line options from the user, setting the CPU frequency, initializing the user
equipment, and initializing the transmitting and receiving parameters for transmission
are some of the tasks that the main function handles at the beginning of the executable.
The functions that handle the tasks above in the nr-uesoftmodem executable before

initializing the UE variables can be seen on the top side of Figure 30.
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\ softmodem_printresources | I

signal_handler

set_softmodem_sighandler

| set_default_frame_parms |

-
get_options set_scoftmodem_optmask ‘
get_common_options
i set_parallel_conf
set_worker_conf
I init_NR_UE
)
\'n
\ get_softmodem_params |
[ nr_init_frame_parms_ue get_samples_per_slot
‘ get_samples_slot_timestamp | I

init_nr_ue vars

phy_init_nr_ue PUSCH

phy_init_nr_ue_ PDSCH |

phy_init_nr_top

nr_generate_modulation
_table

nr_init_pusch_dmrs
init_nr_prach_tables

Vatiables fox UE
including signals
and channel
creation with
‘init_nhr_ue vars’

init_nr_ue_signal

init_NR_UE_threads

UE_thread
e~
dlsch_thread

UE Thread handling
with function
‘init NR UE threads’

get_readBlockSize
computeSamplesShift

Functions
that
initialize
OAIl and
UE that
called by
the main
function
in nr-
softmode
m.c file

mallec16_clear
init_context_synchro_nr

generate_ul_reference
_signal_sequences

lte_gold_generic

init_downlink_harq
_status

free_nr_ue_dlisch
processSlotR X

get_firstSymSamp

Figure 30. Functions that are called by the main function in nr-softmodem.c file
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When the configurations are done, OAI starts the operations for the desired scenario.
For example, if the user wants to have sidelink communication without the assistance of
the base station, some functions are being called in the main function, which are
initializing UE frame parameters and variables. Figure 31 shows the functions under
initializing the variables. These variables are separated into two categories which are
signal and transport. The signal part is responsible for generating sequences for the
signals which includes configuration of DMRS and generation of PSS and SSS. The
generation of these signals, their allocations on the resource grid, etc. are based on the
3GPP standardizations. On the other side of the initializing variables, the transport part

handles the decoding shared channels for uplink and downlink.

Initializing All Signal Buffers

phy_init_nr_ue_PUSCH

init_nr_prach_tables

init_nr_ue vars |—|-| init_nr_ue_signal }—.-l phy_init_nr_ue_ PDSCH |
get_ict
\nr_nnjlusch_dmm lte_gold_generic | init_context_pss_nr l_bl generale pss_nr

get dit |
N_generiltzsrl’!ndu‘a“ﬂ” | init_context_synchro_nr |—I-I init_context_sss_nr I
| v
[R— generate_ul_reference base_sequence_less
_signaseguences than 55 Initializing
. Synchronization

\ free_nr_ue_disch base_sequence_36_or .
| init_nr_ue_transport H new_nr_ue_disch ”’_‘.‘—‘ _larger S|gnal Buffers
init_downlink_harq
_status

free_nr_ue_ulsch

Initializing Transport

new_nr_ue_ulsch

Figure 31. Function tree for initializing UE variables
As a final part of the executable, the main function activates threads which are UE
thread and DLSCH thread. UE thread is responsible mainly for UE processing and UE

synchronization.

UE processing part of the thread includes physical layer procedures for transmitter and
receiver which contain procedures of the control channel and shared channel for uplink
and downlink, physical broadcast channel, transmission related measurement functions,

and slot selection, etc.

On the synchronization side of the UE, functions for generation and detection of
synchronization signals, detection of PBCH, channel estimation, etc. are running

continuously under this thread until the UE finds a connection with a synchronization
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reference source that can be a gNB or another UE in case of sidelink. Figure 32 shows

the function tree for the synchronization part of the thread.

set_pss_nr

restore_frame_context

_pss_nr free_context_pss_nr

Generating

init_context_sss_nr 7

ws‘_n:wozmwmzos set_frame_context_pss_nr init_context_synchro_nr

Block including

malloc 16_clear

init_context_pss_nr T'_ generate_pss_nr

PSS and SSS comb_stage
with function ~N
‘pss_synchro_nr’ integrator_stage

_ pss_synchro_nr I dscimation_synchro_nr

fir_filter_init

fir_filter_put

pss_search_time_nr

pss_sss_extract_nr do_pss_sss_extract_nr

fir_filter_get

rX_sss_nr

create_ssb_node

_ UE_synch _|'_ nr_initial_sync _|'_ nr_gold_pbch _

nr_pbch_dmrs_correlation nr_pbch_dmrs_rx

nr_phch_dstection

nr_gold_pdech

nr_pbeh_channel_estimation

/ insert_into_list

nr_pbch_quantize

nr_phch_unserambling Ite_gold_generic

The thread that
handles nr_get_ssb_start_symbol
syncronization:
Cm....m<507 @ nr_pheh_extract

nr_pbch_channel_level

nr_pbch_channel_compensation _|'_ mulByConjugate128

‘nr_pbch_detection’ is
<4—— handling the detection of
PBCH

Figure 32. The thread that handles synchronization and stops running when the UE is

synchronized.
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These threads are running the executables in real-time while establishing

communication with RF boards such as USRP.

Although the function flow is based on nr-uesoftmodem, in the other soft modems such
as lte-uesoftmodem, the structure of the executable is mostly the same with different

ordering in the function flow.

Moreover, in the case of sidelink transmission, the UE soft modem has extra threads for
synchronization and the sidelink process which are independent of the UE thread that

handles Uu-link communication.

5.3 Software Development

In this part of the thesis, the progress of the development for synchronization is studied.

The overall structure of the development plan can be seen in Figure 33.

Creating the NR

Including

Understanding sidelink sidelink related
of LTE-Sidelink — synchronization —
) structures to
branch in OAI related source

the header files
code

Revising
initializing part
of the OAT
with including
Sidelink

Creating
synchronization
and UE threads
for sidelink

Initializing NR
UE Sidelink
Variables

Figure 33. Road map of the development for 5G NR Sidelink.
The development is based on nr-uesoftmodem, however, D2D communication in LTE is
the main reference to build up the sidelink on 5G NR since LTE-sidelink codes under
Ite-uesoftmodem are reliable. This is why understanding the LTE-sidelink branch is

very important.

As a second step, creating the source files for synchronization such as PSSS and SSSS
generation, SSB (Synchronization Signals Block) and PSBCH creation and parameters,
etc. This step is basically applying the 3GPP standards to the code. For this process, the
source files supported by OAI for 5G NR development are used. Since the differences
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for PSS and SSS between 5G NR and 5G NR Sidelink are very few as mentioned in this
thesis at clause 2.3.3, editing the source code for PSSS and SSSS is not that challenging.
On the other hand, SSB block is quite different in 5G NR Sidelink than 5G NR referring
to the same clause. These source files needed to be created in the beginning since, over
the development, these files are going to be used inside the initializing functions and
threads. Also, the creation of the source code for the synchronization signals is

independent of the OAI soft modem structure.

The next step of the development is defining all the structures, pointers, integers used
inside the sidelink communication. To achieve this task, LTE-sidelink code is debugged
line by line to find pointers, flags, structures, etc. Most of them are defined under the
definitions file (defs ue.h), therefore, finding sidelink related definitions in this header
file and adding them in the 5G NR definitions file (defs nr ue.h) would clear up the
task.

After adding these definitions, the main function (inside nr-uesoftmodem.c file)
enhancement can be started with some changes for initializing the OAI. Some of the
changes are including more command-line options from the user to understand if the
user wants the device as a synchronization reference or a relay UE, adding additional
flags to control future functions conditions, etc. Until this part, the functions that the
main function calls at the top side of Figure 30 remain almost the same with some small

changes inside the code.

Since the source files for PSSS, SSSS and PSBCH are already updated for sidelink,
initializing 5G NR UE variables can be the next step to proceed. Figure 34 is the
updated version of Figure 31. In the following figure, the new functions that initialize
UE signal calls are added to handle which have extra SL (Sidelink) at the end of the

function names.
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nr_geld_pdech

nr_gold_pdsch

nr_init_pusch_dmrs
generate_ul_reference
_signal_sequences

init_nr_prach_tables
creTablelnit

phy_init_nr_top_SL

lte_gold_generic

write_output
base_sequence_36 or
_larger
base_sequence_less
_than_36

The functions that
are modified for
sidelink

Initializing
All Signal
Buffers

init_nr_ue_signal

init_context_synchro init_context_sss_nr
s X _ss5_!

_nr_SL
get_icit
init_context_pss_nr_SL generate_pss_nr_SL
u ] -
gExa

phy_init_nr_ue_ PDSCH
phy_init_nr_ue PUSCH

free_nr_ue_dsch

anLDPc - init_mem |—q malloc32 olear
Figure 34. Function tree for initializing UE variables for NR Sidelink

niLDPC_free_mem

init_nr_ue_vars

init_nr_ue_transport

init_N_TA_offset

new_nr_ue_disch Initializing Transport

new_nr_ue_ulsch

As a final step of developing synchronization, the threads which control the
synchronization process in real-time should be handled. LTE-sidelink threads are taken
as a reference for handling synchronization and added to 5G NR code with changing
inside variables as they match up with 5G NR variables. The tree for the main function

that calls for all the threads can be seen in Figure 35.

An extra thread

added from
LTE-sidelink ===

- generate_ul_reference base_sequence less
phy_procedures NR_UE_S TX _signal_sequences _than_36
phy_init_nr_top_SL
’ <5

base_sequence_36 or
_larger

creTablelnit write_output

nr_subframe_select
NR_UE _thread mn_txnpd
phy_procedures NR_UE crebit
—

IN_NA_UE |—{ init_NR_UE thraads - v initial_syncSL e pbch_detection

Xy
‘ \

Synchronization

nr_slot_fep_init_syncSL

thread

init_context_synchro
_nr 8L

-wa\tisym:
UE_threadSL ===
€

Figure 35. UE initializing flow including 3 main threads that responsible for the synchronization

init_context_sss_nr

These threads start running when the main function completes all of its functions. They

are controlling the flags to understand the state of the synchronization.
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5.4 Current Situation and Possible Plans for the Development

At the end of the development, when the executable is running, the log file gives the
same outputs as the working LTE-sidelink until the threads are called. When the threads
start, the executable exits since both threads are trying to use the receiver at the same
time. In order to solve this issue, debugging is necessary, however, multi-thread
debugging can take so much time. If the sidelink synchronization is established with

solving thread issues, other channels such as PSCCH and PSSCH will be added.

Besides that, the development process on OAI takes lots of time without any guidance.
Since OAI software is very deep in terms of codes and architecture, it takes lots of time
to understand the working principles of the functions. That is why the development of a
non-existing feature on OAI might result unfinished as in my case. On the other hand,
the usage of OAI in the application layer is simple in comparison to development since

the tutorials that OAI supports on the web [41] is decent to complete a study.
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6 Conclusion and Future Work

Sidelink communication has become a very important aspect with rapid growth in
technology. It promises a huge potential on becoming autonomous in vehicular area.
Moreover, V2X will provide safer and controllable transportation systems with fewer
power consumptions. This study presented physical layer evaluation, development

process on 5G NR Sidelink testbed, and throughput evaluation on 5G.

In Chapter 2, the sidelink standardization for physical layer enhancements from D2D
through 5G Sidelink is presented. This chapter provides the necessary enhancements
and differences in resource allocation in the physical layer. It is aimed to explain the
overall release features and differences for the ones who are working on the physical
layer protocol. Furthermore, already existing research papers and topic related standards

are presented at the end of the chapter.

In Chapter 3, a simulator that evaluates the indicators which are data rate, latency and
PER performances in 5G is studied. This study explains the use of MCS indexes in the

simulator and the maximum transmission power effects on these indicators.

In the following chapters, in Chapter 4 and 5, a testbed development is presented. In
Chapter 4, the testbed related information such as hardware, software, how to set up the
testbed, etc. is explained. This chapter also includes the physical layer test for 5G in
real-time and also in simulation. On the other hand, in Chapter 5, the development
process for 5G Sidelink synchronization is explained. The roadmap for the process, the

embedded system in OAI and development phases are explained in this chapter.

Although there is no solid result from the development, this thesis provides necessary
developing information including sidelink standard explanation. Moreover, an overall

explanation for OAI and its working principle is tried to be explained.
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As a future work:

= Detailed study on OAI threads to understand where the problem occurs,

= Using MATLAB to develop 5G NR Sidelink,

= Another commercial software usage to evaluate on 5G NR Sidelink performance

are the possible choises to continue to work on.
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