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«Me arouikn pou guBuvn kai yvwpicovrag i kupwaels (1), mou mpoBAémovrar amé ¢
diardéeic tng map. 6 Tou dpBpou 22 tou N. 1599/1986, dnAwvw ori:

1. Aev mapabétw kouuartia BiBAiwv n GpBpwv 1 epyaciwv GAAwv autoAeéei xwpic va
Ta TEPIKALIW O€ I0aywyIKd KAl XWPIS va avapépw 1o ouyypagéa, Tn xpovoAoyia,
oehida. H autoAeéei mapdbeon xwpis eloaywyikG xwpic avagopd otnv mnyn, &ivai
AoyokAormn. TMépav Tng autoAeéei mapdBeang, AoyokAorr Bswpeitar kai n mapappacn
edagiwv amo Epya AAwyv, auptrepiAaufavouévwy Kai Epywv GUUEPOITNTWV LIoU, KaBw¢
Kai n mapdabson oroixgiwv mou GAAol ouvéAséav n emeepydodbnkav, xwpic avapopd
otnv mnyn. Avagépw TTAvToTe e TANPATNTA TNV TTNYH KATw arrd Tov mivaka f oxédio,
omwg ora mapabéuara.

2. Aéxouai o1 n autoAeéei TapdBeon xwpic eiIcaywyikd, akoua Ki av ouvodeUeTal
ammé avagopd oTnv TnNyn O KATTolo GAA0 onueio Tou Kelpévou 1 aTo TEAOS Tou, Eival
avriypaen. H avapopd atnv mmnyn aro TéAog T.x. uiag mapaypdeou f piag aeAidag, dgv
OIkaloAoyei auppapn edaiwv Epyou dAAou auyypapéa, E0Tw Kal TTAPAPPACUEVWY, Kal
mapouciaor Toug wg SIKA UoU Epyaaia.

3. Aéxouar o1 umdpxel €miong TTEPIOPICUOS OTO UEYEBOS Kal OTn ouxvotnTa Twv
mapabsudTwy TOU UTTopwW va eviaéw OTNV €pyacia LoU eviOS eloaywyikKwy. KaBe
ueyadAo mapdBsua (1r.x. o€ Tivaka fij Aaioio, KATT), TPoUTTo6ETEl EIOIKES PUBIOEIS, Kal
orav dnuoaoieveral TPoUTToBEéTel TNV adela Tou auyypapéa f Tou kdOT. To idio Kai ol
TIVOKES Kal Ta OxEdIa

4. Aéxoual OAES TIC OUVETTEIEG O€ TTEPITITWON AOYOKAOTING 1) avTiypapnig.

Hupepopunvia:  22/07/2024

O AnAwv

(1) «Ortroio¢ ev yvwoel Tou dnAwvel weudn yeyovora 1 apveital i amokpUTTel 1a aAnBiva ue
Eyypapn umrevbuvn dnAwaon

Tou dpBpou 8 map. 4 N. 1599/1986 miuwpeitar e QUAGKION TOUAGXIOTOV TpIWV UNvwv. Edv o
UTTaiTIOS QUTWY TWV TTPGEEWV

OKOTTEUE va TTPOCTTOPIOEI OTOV £QUTOV TOU 1} 0 GAAov Trepiouaiakd dpeAog BAGmTovrag Tpitov 1
OKOTTEUE va BAGwer dAAov, Tiuwpeitar e kaBeipén uéxpr 10 Twv. »
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Euyapiotiec

H mopolooa nruytaxy| epyacia mpayuatonojinxe oto Iavemotiuo Ocooahiog, oto
Turue IIAnpogopurc xow Tniemxowvemvidv e Aauiog, xata to €tog 2024.

Apywd Yo fdeha va evyoptothow tov Ernixovpo Kodnyrtn x.Pouxord Potio yia
ouUTYH TNV euxatpiot Vo EQYNOTE Ve ot éva emixonpo Véua, avtd Twv 5G SixTimV.
Erniong, Yepud Ya Aela va euyoplothow tov utodhgio dwdxtopa Todxo Xeroto yia
TOV TOAUTIHO YEOVO Tou BLEVECE Yl Vol LOU BWOELS ONUAVTIXES eENYNOE TdVW GTO
Véuar ohhor xou yiar Ty Borideid Tou, Ty onola dev dloTace 0UTE GTIYUY| VoL LOU TN BWOEL.

Oa Rdehor axdun va euyoptothow tov KopaBéha Apn (ttuytolyog tou tuiuatoc pog
#xad M xaL VUV UETATTUYLOXOC q)orm'cﬁq), o omolog You emétpede UEoU ATO TIG YVWOELS
xan Ty Bordetd Tou va 6w TNV oy oY) ue plor AN omTixy| ywvio.

Téhog Véw vo euyaptothow Ty adep@t| wou (@orthteta Odovtioteixic oto AIIO)
Ocoavey xou TNV unTépa pou Zwr, ywelc Tic onoleg dev Var Auouy €8¢ TOU GTEXOUM

OTUEPAL.
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epiindn

H €hevomn 1oV 3vNTOV ETXOWVOVIOY DNG YEVIAS avadetxvOEL T onuaoia xour Ty o-
VYA WS AmOTEAEOUATIXTS UEVOBOL XoTavounc Topwy. Idadtepa yior unnpesieg dmwe
To Voice over Internet Protocol(VoIP), 1 avdyxrn ylor cUVETY| UETAUPORE OEDOUEVWV O
VOOEVUEL TNV TEOXANCT) Tou dnuloupYel To unepueteo signaling overhead, to omoio
TOEGAANAAL XoOTE SUGKOAT TNV HAEXWOT) YLt TNV EEUTNEETNON WG UEYUAUTERNC
Bdone yenotov.

Y16y0¢ Tne mapovoug epyaciog etvan Uio Asttoupyixr) uhornoinor Tou Semi-Persistent
Scheduling(SPS) w¢ evahhaxtix uédodo yelwong auvtrc tne emfBdpuvone ota TeEony-
ueva dixtua padlompooPacng Sng YeEWAS xan Pehtiwong g cuvolnic amdédoong. O
xahuiel eniong AEmTOUEp®S 1) EVOWUATOON TOU, GTO €PYO AVOXTOU TNYEOU XGOL-
xasrsRANProject xodo¢ %o oL TpoXAAGE TOU TUPOUGLAG THXALY.

H Swdixacior avdntuéng tou SPS, mepiehdufBave tn dnuoupyior VEwy doucv 6ed0-
UEVOY, TNV TEOTOTOINCY TWV VPO TAUEVKDY 0AY0RIUWY YPOVOTROYEUUUATIGUOY XoL TNV
OVAMTUET UMY AVIoRGY Tou apopoly Tr Aettoupyio Tou SPS. H epyoaocio pag emextdin-
XE O TOMG ETUTEDN TG O TOIBOC TEWTOXOMWY, CUUTERLAUUBAVOUEVKDY TWY ETUTEDRY
RRC, MAC xo PHY.

To Baowd onuelor authc e epyactac €youy we e€hc. H Aettoupywr| ulornolno
Tou SPS o670 mhaico Tou avoutol xwmdwa stsSRANProject. H Aentouepr|c mapouotaon
TWV TPOXAACEWY %ol TV AICEWY TNG EVowudtnmong tou SPS otov undpyovta x@otxa
XL GEYLTEXTOVIXY|, X0t TEAOG 1) Topouciact Tng Uelworng tou signaling overheadmou
ETUTUYYAVETOL YE TNV LAoToinom tou SPS .

Ou mpocopoiwoelg Yog delyvouv 6Tt To SPS unopel vo peidoet onuovtind Ty emt-
Bdpuvon Tou YEOVOTROYEAUUUIATIONOU WO TOCO DUTNPMOVTIG TUEOUOLO, Kol OE OPLOUEVES
TEPINTAOOELS EAAPEWS Uetwuévo, packet latency. Trplay woT600 TEploplouol xou Tapo-
YWENHOES Tou €mpene Vo Yivouy, émwe 1 utoctheln uovo evog UE xou 1 un duvouin
nepodoétnTa. H nopoloa epyaocio éyel téhoc w¢ otdyo va anoteréoel T Bdon yo
UEAAOVTLXY| EQELVAL TWV UNYAVIOU®Y YeoVOTEoYpauuatiopuol o Beyond 5G networks,
OUUPBEANOVTOG ETOL, QUECA, GTO DLUEXAG UETUBUAAOUEVO TOTHO TV XIVNTOV ETUXOVG V-

7
WV.
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Abstract

The advent of 5th Generation Mobile Communications highlights the importance and
need of an efficient resource allocation method. Particularly more so for services such as
Voice over Internet Protocol (VoIP), the need for consistent data transfer highlights the
challenge of excessive control signaling overhead, which makes it difficult to scale up to
accommodate a larger user base.

The goal of this paper is to present a working implementation of Semi-Persistent
Scheduling(SPS) as an alternative method of reducing that overhead in advanced 5th
generation Radio Access Networks(RAN) and improving overall performance. The inte-
gration of SPS into the open source srsSRANProject and the challenges presented will also
be covered in detail.

The process of developing SPS, included creating new data structures, modifying
existing scheduling algorithms and developing mechanisms pertaining the operation of
SPS. Our work extended in multiple layers of the protocol stack, including the RRC, MAC
and PHY layers. The key points of this paper are:

* A working implementation of SPS within the framework of the open source srsRAN
Project.

* Detailing the challenges and solutions of integrating SPS into the existing code stack
and architecture.

* A presentation of the reduction in the scheduling overhead achieved with the imple-
mentation of SPS

Our simulations signal that SPS can substantially reduce the scheduling overhead
while maintaining similar, and in some cases slightly reduced, traffic latency. There were
however limitation and concessions that had to be made, such as the support for only a
single UE and non-dynamic periodicity.

This paper is meant to provide a foundation for future research of scheduling mech-
anisms in Beyond 5G networks, contributing to the ever changing landscape of mobile
communications.

viii
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Abbreviations

5G 5th Generation
VoIP Voice over Internet Protocol
SPS Semi-Persistent Scheduling

RAN Radio Access Network
RRC Radio Resource Control
MAC Medium Access Control
PHY Physical (Layer)

DCI Downlink Control Information
QoS Quality of Service
UE User Equipment

URLLC Ultra-Reliable Low-Latency Communication
3GPP 3rd Generation Partnership Project

gNB Next Generation NodeB

PDCCH Physical Downlink Control Channel

PDSCH Physical Downlink Shared Channel

PUSCH  Physical Uplink Shared Channel

HARQ Hybrid Automatic Repeat Request

MCS Modulation and Coding Scheme

RNTI Radio Network Temporary Identifier

CS-RNTI Configured Scheduling - Radio Network Temporary Identifier
C-RNTI  Cell - Radio Network Temporary Identifier

CRC Cyclic Redundancy Check

SDR Software Defined Radio

eMBB Enhanced Mobile Broadband

mMTC Massive Machine Type Communications

CU Central Unit

DU Distributed Unit

FEC Forward Error Correction
ARQ Automatic Repeat Request

PDCP Packet Data Convergence Protocol
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1 Introduction

In the modern era of wireless communication, the emergence of 5G technology has sig-
nalled a period of significant transformation. This evolution brings with it a revolution
in the capability of networks to support a range of varied devices, services and appli-
cations. In contrast to the previous generations of mobile networks, which primarily
focused on increasing the bandwidth for consumer devices, 5G introduced through even
its first Release[1]], a broader vision for connectivity. This vision not only aims to provide
faster network access but also more reliable and efficient data transfer. Among the three
primary use case categories identified by SG—Enhanced Mobile Broadband (eMBB),
Ultra-Reliable and Low-Latency Communications (URLLC), and Massive Machine Type
Communications (mMTC)—it is URLLC that presents the most significant challenges.
URLLC promises not only ultra low latency but also high levels of reliability, which tradi-
tionally have been seen as almost mutually exclusive in network design[2]]. This was due
to enhancing reliability required mechanisms like redundancy and re-transmission, inher-
ently introducing additional latency. The innovation of 5G lied in its ambition to bridge
this gap, offering a network capable of achieving this and also supporting applications
such as autonomous vehicle navigation, tactile internet, and remote medical procedures.
But 5G is about much more than this. It represents a fundamental change in how commu-
nications are structured and provides the "waterway" via which new innovations will be
enabled.

The main motivation for developing SPS, was to provide a working paradigm of the
protocol. Whilst there are multiple research papers delving into the theoretical advantages
of SPS and the potential reduction of scheduling overhead[3]], there are almost none to
be found that actually implement the protocol and provide real world samples. With the
increase of mobile devices connected to the network there is an ever-pressing concern of
bandwidth limitations. The goal of SPS is to address those concerns by addressing latency
requirements, reducing bandwidth usage, enhancing QoS while facilitating as infrastruc-
ture for features such as URLLC. Overall the development of SPS was motivated by a
need to improve network efficiency, meet strict latency requirements whilst maintaining
a high Quality of Service and keeping, or in some cases even reducing, operational costs
from ballooning.

Beyond the introduction, this paper will first present a general overview of how schedul-
ing works, with chapter 2 going more in depth of what the implementation actually en-
tailed. Finally simulation results will be presented, along with an afterword. References
and appendices will be presented at the end.

1
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Chapter 1. Introduction

1.1 RAN architecture

The RAN or Radio Access Network is a component of the 5G architecture that is mainly
responsible for the connection of different UEs to the core 5G network. The RAN has
one central goal, that is to transmit packets between the UEs and the mobile core network.
This implies that the RAN is deeply interwoven with the management and scheduling
implemented by the core network.

Control cdhtrol
) DU Y S, TP S .
Plane : : :
Mobile
Core A 4 v ¥ v
een PDCP <> RLC <« MAC VA D/A Conversion
Plane

Central Unit (CU) Distributed Unit (DU) Radio Unit (RU)

Figure 1.1: CU/DU Split of RAN[4|]

The RAN packet processing pipeline, which can also be considered a protocol stack
as well, has multiple stages, as specified by the 3GPP standard. Specifically:

* Physical Layer (PHY), the lowest layer of the protocol stack, which is mainly used
for signal modulation/demodulation, forward error correction(FEC) and channel
encoding/decoding.

* Media Access Control (MAC), which is the next layer after PHY, is mainly respon-
sible for handling access to the radio resources. Main tasks include scheduling,
multiplexing/demultiplexing as well as packet buffering.

* Radio Link Control (RLC), is a stack protocol that exists between the MAC and PHY
layers and assigned tasks such as packet segmentation and reassembly, while also
responsible for reliability through error correcting with Automatic Repeat Requests

(ARQ).

These three layers constitute what is commonly referred to as the Distributed Unit (DU).
The DU is part of RAN subdivision which splits the protocol stack in three "units". The
next layers are part of the Central Unit (CU)

* Radio Resource Control (RRC), the highest layer in the Central Unit of the CU/DU,
it is mainly responsible for establishing connection with the UEs, maintance through
quality assurance(i.e signal degradation due to distance from gNB) and management
of radio resources. It works as a coordinator between UEs and the RAN, increasing
efficiency in radio resource allocation and mobility management.

 Packet Data Convergence Protocol (PDCP), is the lowest layer of the CU and mainly
responsible for handling data convergence between the higher layers and the radio
interface. It includes functionalities such as IP header compression/decompression,
ciphering, integrity protection etc.
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Chapter 1. Introduction
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RIC paasasay BLC
1
| :
MAC mommeaay MAC
1
i
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Figure 1.2: RAN Protocol Stack

This summarizes a high level description of the RANs internal protocol structure.
This is in line with the 3GPP specifications and the paper doesn’t stray far from those
specifications, with certain exceptions that needed to be made due to the way the framework
upon which we developed the protocol was structured.

1.2 Open Source Solutions and srsRAN

The introduction of 5G networks represents a major change, moving away from the
hardware-focused infrastructures of the past to more flexible and adaptable software-
based systems. This transition has been accelerated by the rise of open-source solutions in
RAN, allowing for collaborative innovation which is crucial for adapting to the evolving
requirements of 5G networks. Among such open-source platforms, srsSRAN[S] is a note-
worthy example, showing the power of community-driven development to create network
solutions.

As a software suite, srsSRAN provides tools and frameworks for implementing a wide
range of 5G functionalities from the upper layers of the stack to the lower ones. Its
compatibility with both commercial and research-oriented applications demonstrates its
role in bridging the gap between academic research and practical, real-world deployment.
srsSRAN offers both a gNB and a UE application and it can be used with third-part CN
which makes it ideal to build a complete end-to-end mobile wireless network. It is written
in C++, runs in Linux and offers extensive documentation and active community support.
For all the above reasons, srsSRAN was chosen for this thesis to implement and evaluate
our solution.
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2 Literature Review

This literature review aims to examine key works that were used for this paper, specifically
ones focusing on Semi-Persistent Scheduling (SPS) and its implementation in modern
communication networks.

2.1 Evolution of Semi-Persistent Scheduling

Feng et al. (2019)[1] suggest a new way to improve Semi-Persistent Scheduling (SPS) for
applications that need very low delay in LTE and 5G networks. Their method uses predic-
tion to make resource allocation more efficient, overcoming the drawbacks of traditional
SPS. This shows that SPS can be modified and enhanced to meet the strict demands of
new 5G applications.

The foundational principles of SPS are explored in depth by Jiang et al. (2007).[3]
Although their work focuses on LTE systems, it provides crucial insights into the perfor-
mance benefits of SPS for Voice over IP (VoIP) services. Their analysis of the trade-ofts
between dynamic and semi-persistent scheduling laid the groundwork for further research
in this area. Furthermore, additional information was taken from multiple other research
papers such as Semi-Persistent Scheduling for 5G Downlink based on Short-Term Traf-
fic Prediction[6], Estimation of Effective Radio Resource Usage for VoIP Scheduling in
OFDMA Cellular Networks|7]], Control traffic overhead for VoIP over LTE[]] and 5G
RAN: physical layer implementation and network slicing[9] which provided the necessary
theoretical background necessary to understand 5G networks and undertake the imple-
mentation of SPS.

2.2 SPS in the context of 5G Technologies

Morais (2020)[10] offers an in depth overview of 5G physical layer technologies in his
book. While not exclusively focused on SPS, this book covers key technologies associated
with 5G communication networks. The author’s discussion of enabling technologies for
mobile and fixed wireless access helps situate SPS within the larger framework of 5G
innovations.

Peterson et al. (2023)[4] take a systems approach to private 5G networks in their
book. This perspective is valuable for understanding how scheduling mechanisms like
SPS fit into the overall architecture of 5G systems. Their work highlights the importance
of considering scheduling not in isolation, but as part of an interconnected system of

5
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Chapter 2. Literature Review

technologies and protocols.

The technical specifications for Medium Access Control (MAC) protocol in 5G net-
works are detailed in the 3GPP TS 38.321 document (2021). This specification is crucial
for understanding the standardized framework within which SPS must operate. It provides
the technical foundation for implementing SPS in compliance with 5G standards.

Rodrigues (2023)[[11]], in his master’s thesis, explores open-source solutions for non-
public 5G networking. This work is particularly relevant for understanding the practical
challenges and opportunities in implementing advanced scheduling mechanisms like SPS
in real-world, open-source 5G systems.

Finally, the online resource provided by Jaeku Ryu, under the tech blog ShareTechnote[12]
include technical explanations of configured scheduling in 5G networks. While not a
peer-reviewed academic source, this resource offers valuable practical insights into the
implementation details of SPS and related scheduling mechanisms.

In conclusion, the works collectively highlight the potential of SPS to address key chal-
lenges in 5G resource allocation, particularly for low-latency applications. Additionally,
the works used within the context of this paper provide the much necessary knowledge
and framework from which to understand the potential of SPS in modern URLLC as
well as the broader 5G communications spectrum. They also emphasize importance of
standardization efforts undertaken by organizations such as 3GPP. Finally they provide a
solid foundation for our implementation and analysis of SPS in 5G networks, informing
both our approach and our understanding of its potential impact on next-generation mobile
communication networks.
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3 Scheduling in 5G Networks

3.1 Scheduling

Scheduling is the process of allocating resources to each UE with the explicit purpose of

data transmission. As presented in Moray’s Key 5G Physical Layer Technologies[p.248][10]
"Scheduling is key function of NR (and any multiuser mobile system) and to a significant

extent determines the overall behavior of the system." and in general the NR scheduling

mechanisms are similar to those of LTE communications, with the exception of NR hav-

ing a greater level of detail when compared with LTE, more so in terms of time domain

scheduling at the lower levels(i.e PHY). The choice of a scheduling algorithm is one of

the most, if not the most, crucial part of real time resource allocation in RAN, which will

serve a plethora of different users and services. As such there have been a diverse range

of solutions provided, with SPS being one.

3.2 Uplink Scheduling

Uplink scheduling works with what is colloquially known as grants. A UE sends a
scheduling request (SR) to the gNB, which also includes information such as the amount
of data that is to be transmitted. Dynamic scheduling is the basic allocation algorithm in
which the scheduler for each time slot, determines which devices will receive information
and which will transmit. The main difference with semi persistent scheduling is that the
algorithm provides the transmission parameters in advance to each UE or device.

3.2.1 Dynamic Uplink Scheduling

The fundamental role of a dynamic uplink scheduling algorithm is to control the number
of UEs that will transmit on certain resources and with which specific transmission
parameters. In other words, the scheduler decides which UEs will transmit at the current
time instance and on which radio resources by allocating them blocks in the resource grid.
At the same time, the scheduler has to inform every UE for the resources allocated to
them and this is done by using the control signalling and the PDCCH channel. Every UE
then has to decode the information on the PDCCH channel, extract the information on the
resources it could transmit and then carry out the transmission on those resources.
Overall, Dynamic scheduling is the process that allocates PUSCH resources by DCI
messaging. When a UE has data waiting in the Logical Channels but no pre-configured

7
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UL grant , the UE will message the gNB for a Scheduling Request. [11]]

Dynamic Uplink Scheduling

Figure 3.1: Dynamic Uplink Scheduling

3.2.2 Semi-Persistent Uplink Scheduling (Configured Grant)

SPS or configured scheduling, conversely, can assign the PUSCH without having to deploy
a DCI message for every transmission. It instead configures all the required transmission
data once, which also helps reduced the aforementioned signaling overhead, thus enabling
a larger number of users to be scheduled for transmission. Additionally, there has been a
push for SPS to be used as a potential solution to reducing buffering times for low latency
packets.

As defined by 3GPP, SPS uplink scheduling has 2 different types of grants.

* The first type of configured grant, aptly named Type 1 configured grant, is repre-
sented as DCI_0_0, is provided by the RRC layer and provides the pre-configured
parameters required by the UE in order to perform PUSCH scheduling. The RRC
layers provides all the required parameters, specifically ConfiguredGrantConfig and
rrc-ConfiguredUplinkGrant. As a result the UE can transmit after it successfully
finished the RRC connection as long as it has data. It should however continue
monitoring the PDCCH channel for any changes on its transmissions dictated by the
gNB.

* Type 2 configure grant, which is represented in the code as DCI_0_1, gets provided
to the UEs using the PDCCH. It also makes use of an auxiliary L1 signal, the DCI.
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Configured Grant Process in 5G

User Equipment gNodeB

Scheduling Request
UL Grant for Buffer Status Report

Buffer Status Report

UL Grant for Data Traffic

UL Traffic

User Equipment

Figure 3.2: Configured Grant Process

In this case of configured grant only the ConfigureGrantConfig is give by the RRC
layer. The DCI additionally can enable or disable the grant, which allows for further
control of the resources allocated to the UEs. So we could say that the grant in this
case is partially provided by the RRc layer and partially given still by the DCI as in
the case of the dynamic schedulling. The big difference with dynamic schedulling
is that the DCI is only provided once at the activating of the grant and not for every
data tranmsission. Upon reception of the DCI the UE keeps the grant and repeats it
at a periodic basis for data transmission.

3.3 Downlink Scheduling

One characteristic of both dynamic and SPS is the Radio Network Temporary Identifier
(RNTTI), which is a type of cyclic redundancy check(CRC) mask that is provided to UEs
and is used to decode the DCI messages that they receive. It can be used to identify one UE
from another. Dynamic scheduling and SPS use different types of RNTI, with dynamic
using Cell-RNTI(C-RNTTI) and SPS using ConfiguredScheduling-RNTI(CS-RNTTI). There
are other types of RNTI such as TemporaryCell-RNTI(TC-RNTI) and RandomAccess-
RNTI(RA-RNTTI) but those are outside the scope of this thesis.
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During downlink scheduling the UEs monitor the Physical Downlink Control Chan-
nel(PDCCH) for a DCI message, that would indicate downlink data intended for that UE.
The DCI message is sent by the PHY layer of the gNB, and is masked with C-RNTI for
dynamic scheduling or CS-RNTI for SPS. The allocation of resources is decided by the
scheduler using different metrics such as the Channel Quality Indicator(CQI), SNR etc.

3.3.1 Dynamic Downlink Scheduling

In every subframe, UEs will monitor the PDCCH for a scheduling assignment. One of
the main reasons dynamic scheduling has a large latency delay, is that the UEs attempt to
blindly decode the PDCCH using the RNTI CRC mask provided by the DCI message in
order to verify if the message is intended for it. After the DCI message is decoded, the UE
will then extract the location of the PDSCH which will contain the actual DL transmission
data.

3.3.2 Semi-Persistent Downlink Scheduling

In SPS, the UEs have specific periodic, pre-configured resources, and based upon the
periodicity of those resources, expects downlink data traffic to occur. These "pre-allocated”
resources are partially provided by RRC signalling as well as a DCI message that will
also activate the SPS. The parameters of transmission configured by RRC layer are the
nrofHARQProcesses, which tallies the total number of configured HARQ processes used
for SPS, and finally periodicity which is the time interval during which the UE can expect
a transmission opportunity for SPS.

The actual radio resources of the PDSCH are provided by the DCI message that
activates the SPS. In particular, the DCI message will include the time and frequency
resources that will be made available to be transmitted for downlink user data traffic, all
according to the periodicity provided. In contrast to dynamic scheduling the DCI does not
include the HARQ process ID for the transmissions following this one, which in context
makes sense, since this particular DCI message pertains to not just one transmission.
Instead the HARQ process ID is determined by the both the gNB and UE based on a
predefined formula given by 3GPP[13]] and presented here:

HARQProcessID = [floor(CURRENT _slot x 10/ (numberO f SlotsPer Framex
periodicity))|modulo nrof HARQ Processes

Finally similarly to Dynamic scheduling, the UE still has to constantly monitor the
PDCCH in case it is dictated by the gNB for SPS deactivation or a dynamic grant which
will override the SPS grant.
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Figure 3.3: Semi-Persistent Scheduling
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4 SPS Implementation

4.1 SPS Implementation Overview

The changes made to the SRSRAN protocol stack were done all according to the technical
specifications[13]. The process included reading the technicaly specification requirements
for all the layers of 5G communications to support SPS and then trying to implement
those in the stack. Understanding what the SRSRan project has implemented as part
of their protocol stack, and finally extending the current protocol stack to support semi-
persistent(non-dynamic) scheduling. Examples of such changes include, but are not
limited to, the definition of SPS Grant struct in the serving_cell_config class or the
implementation of a method for converting the serving_cell_struct to an ASN1 message
for both CS and SPS.

At the moment, our implementation of SPS only supports up to one UE. Further
additions need to be made to the SRSran project code stack for it to support multiple
UEs. Furthermore, the current implementation of SPS was made for one UE, without
consideration to periodicity or resource allocation. Should a second UE attempt to
connect in our implementation , there would be conflicts when attempting to allocate
resource since we the same Resource block and periodicity for every UE. Of course in a
real world scenario, a properly designed scheduler, would care to allocate different set of
RBs to prevent such collisions. Moreover, the periodicity of each UE would be decided
by the scheduler to match the UE’s traffic pattern, as closely as possible, in an effort to
increase the total utilization of resources. While our implementation supports any of the
spec defined periodicity, it does so in a pre-defined manner. Specifically the periodicity
value is pre-configured at the gNB application level and it isn’t defined based on current
needs.

4.2 gNB SPS Modifications

To make the gNB compatible with the 3GPP specifications of SPS, additions had to be
made to multiple layers of the code stack to actually support SPS as a feature. Specifically
intervention was necessary in the RRC, MAC and PHY layers.

Working in a top to bottom fashion we present the changes made in each layer,
challenges faced on implementation and discuss issues faced when developing and imple-
menting those changes.

12
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4.2.1 RRC Layer Modifications

Despite the fact that SPS is technically a scheduling mechanism, one would expect its
mechanism to work on the MAC layer, its semi-static nature however, necessitates it
involving the RRC layer. Work in the RRC included the enhancement of the already existing
RRCReconfiguration procedure to include the SPS-Config field. To do so, we defined an
SPS-config struct which included all the spec defined values for fields such as periodicity,
MCS table or nrofHARQ-Processes the necessary. Then, we make sure this struct was
included in the RRCReconfiguration message sent to the UE during RRC Reconfiguration
procedure. As itis already mentioned, in our implementation the periodicity value, which
will dictate the rate at which those pre-configured resources reoccur, isn’t chosen to match
the traffic rate which will not lead to the most best utilization of SPS. Different periodicity
values, are however, supported. Later Releases of 5G could also support multiple SPS
Configurations per UE, each with different values for time and frequency resources. Our
solution is limited to one SPS-Config per UE. Additionally, we had to guarantee that during
the RRC Reconfiguration process, the UE gets a different type of RNTI. Messages sent
on the PDCCH get scramble with the RNTI of each UE. The aim of this scrambling is to
make sure that each UE can tell apart which message is intended for it. SPS directly makes
use of RNTI, specifically CS-RNTI. It was thus critical that the RRC message through
which the UE gets assigned a CS-RNTI value was correctly implemented and added to
the RRC-Reconfiguration message.

4.2.2 MAC Layer Modifications

Expanding upon the pre-existing MAC layer functionalities, we attempt to implement SPS
as part of the code stack. The main challenges faced with expanding the code stack to that
direction was the complete lack of a framework intended to support SPS.

In a general sense, changes were made mostly focused around scheduler_time_rr,
which is part of the overall scheduling strategy of the gNB and ue_cell_grid_allocator
whose main functionality is correctly allocating the scheduling grant to the resource grid.
Finally, the result of the scheduler is the DCI message, which is then sent to the UE to
indicate the grid allocation of the scheduled data. To this end, inspired by the method
SRSRAN already implemented to schedule downlink data dynamically we implement a
similar methods for SPS.
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Figure 4.1: Additions made to the SRSRAN stack, shown in blue

Scheduler Time RR

The Scheduler_Time_RR source mostly includes functions and classes related to the
allocation strategy used by the gNB. In this case round robin is used in an attempt to
provide fairer resource allocation. For the scope of this paper we are mostly interested in
dl_sched and alloc_sps_ue along with their constructors. To enhance the scheduler design
with SPS capabilities we first had to grasp a general overview of its functionality. Being
a sub-module of the MAC layer the scheduler has distinct "implementations" for different
types of traffic needed to be sent to each UE. There is the "common" scheduling which
concerns types of data that can be shared by multiple UEs (like paging or the System
Information Block scheduling) and there is the UE scheduling associated class where UE-
specific data is scheduled. The scheduler runs at every slot and the results of the scheduler
are then communicated to the PHY layer. By examining the scheduler class design and
since, in theory, SPS is used to transmit user-data traffic it was decided that the best place
to implement the scheduler was the UE scheduling sub-class. There it was understood
that the gNB attempts scheduling in a round-robin strategy, split into two methods, one
for uplink: ul_sched and one for downlink: dl_sched. Upon reviewing the dl_sched
method it was noticed that it actually implements dynamic scheduling carrying through
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the alloc_dl_ue method for both initial transmissions of data as well as re-transmissions.

The consideration here was where exactly to implement SPS. Should it be included
within the alloc_dl_ue or should we have constructed an entire new method instead? It was
decided then, that since whenever SPS fails to schedule, re-transmission instead occurs
with dynamic scheduling, we constructed a new method to handle SPS specifically based
upon the pre-existing methods and making the necessary changes.

alloc_outcome ue_cell _grid_allocator::allocate_sps_grant(const
ue_sps_grant& grant){

//
logger.info("Activating and allocating grant");
//Important checks for allocation

srsran_assert(ues.contains(grant.user->ue_index), "Invalid UE
candidate index={}", grant.user->ue_index);
srsran_assert(has_cell(grant.cell_index), "Invalid UE candidate

cell_index={}", grant.cell_index);

if (dl_attempts_count++ >= expert_cfg.
max_pdcch_alloc_attempts_per_slot) {
logger.info("Stopping DL allocations. Cause: Max number of DL PDCCH
allocation attempts {} reached.",
expert_cfg.max_pdcch_alloc_attempts_per_slot);
return alloc_outcome::skip_slot;

ue& u = ues[grant.user->ue_index];
// Verify UE carrier is active.
ue_cell* ue_cc = u.find_cell(grant.cell_index);
if (ue_cc == nullptr or not ue_cc->is_active()) {
logger.info("PDSCH allocation failed. Cause: The ue={} carrier with
cell_index={} is inactive",
u.ue_index,
grant.cell_index);
return alloc_outcome::skip_ue;

}

The new method had to account for for both the activation of SPS and the functionality of
SPS after activation. The method initially checks if SPS is activated branching into two
different options based on the SPS status. If SPS is inactive, it is activated. This only
needs to occur once for the whole transmission. The activation is configured to occur at a
specific TTI. Afterwards the scheduler proceeds to schedule a DCI in PDCCH but without
a PDSCH following that. The activation DCI includes the time and frequency resources
that will be used in a periodic manner. To allocate the DCI the allocate_sps_grant method
is called in the ue_cell_grid_allocator class. This method is responsible for allocating
the DCI to the grid in a collision-free manner. After activation the second path is always
called which ends with the allocation on the resource grid of the sps activated grant in a
similar method as before. The difference here is that PDSCH must be also allocated since
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it is there that the SPS transmission will happen. The SPS allocation only occurs if the
TTI for which the scheduler operates matches the periodicity value of SPS. If not the UE

is skipped.

1 alloc_outcome ue_cell_grid_allocator::allocate_sps_activated_grant(

const ue_sps_activated_grant& grant){
2 logger.info("Allocating grant for subsequent SPS");
//Important checks for allocation

4 srsran_assert(ues.contains(grant.user->ue_index), "Invalid UE
candidate index={}", grant.user->ue_index);

5 srsran_assert(has_cell(grant.cell_index), "Invalid UE candidate
cell_index={}", grant.cell_index);

7 //Extracting UE
8 ue& u = ues[grant.user->ue_index];

10 // Verify UE carrier is active.
1 ue_cell* ue_cc = u.find_cell(grant.cell_index);
12 if (ue_cc == nullptr or not ue_cc->is_active()) {

13 logger.warning ("PDSCH allocation failed. Cause: The ue={} carrier

with cell_index={} is inactive",

14 u.ue_index,

15 grant.cell_index);

16 return alloc_outcome::skip_ue;

7}

18

19 const ue_cell_configuration& ue_cell_cfg = ue_cc->cfg(Q);

20 const cell_configuration& cell_cfg = ue_cell_cfg.
cell_cfg_common;

21 search_space_id ss_id = MIN_SEARCH_SPACE_ID;

2 const search_space_info& ss_info = ue_cell_cfg.search_space(
ss_id);

23 const coreset_configuration& cs_cfg = *ss_info.coreset;

24 dl_harq_process& h_dl = ue_cc->harqgs.dl_harq(grant
.h_id);

26 return alloc_outcome::skip_ue;

4.2.3 ue_cell_grid_allocator

The SPS implementation of the UE_cell_grid_allocator was done based on the already

existing dynamic downlink allocate grant function.

As already discussed, two different methods were created at this class.

allocating the SPS activation grant and one for allocating the SPS resources after activation.
What follows is the general framework of the alloc_grant method in SRSRAN. Based on

it with some modifications the 2 new methods were implmented.

The overall aim of the function is to allocate the received scheduling grant to the

resource grid, while aiming for the most efficient utilization.
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Figure 4.2: ZMQ-based RF driver[4]

The preliminary setup includes initializing the ue_cell_grid_allocator object and
adding a new cell using the add_cell function along with PDCCH, UCI and cell resources.
Finally the DL and UL counters are reset.

After the allocate grant function verifies that the UE candidate is valid for grant
allocation, while also checking whether the UE and cell are present and active, it assigns
the UE to that cell. It also checks whether the maximum number of PDCCH allocation
attempts have been reached or not, and appropriately stops the allocation for this slot

The next step is to fetch the UE and cell configurations. It then searches for a valid
SearchSpace candidate. Next it also determines the type of DCI message. If the space is
valid new checks are performed to confirm that sufficient PDSCH resources are available
to be allocated. If that’s the case, it allocates resources to the PDCCH, which is mostly
used for transmitting control information to the UE.

Next the function allocates the PDCCH and UCI, computes both MCS and TBS for
DL transmission, fills the DL PDDCH DDCI PDU and the PDSCH PDU and finally saves
the allocated parameters in a HARQ process.

The most important modification according to the already implemented method of
SRS’s gNB was the use of different RNTI types for the activation DCI message. Since
SPS uses RNTI type of CS-RNTI and not C-RNTI a separate method for constructing the
DCI message was implemented that used the CS-RNTI.

4.3 UE SPS implementation overview

Currently the 4G SRSRAN suite includes three different applications a core network, an
eNodeB, and a UE implementation. Those apps, were developed in C++ and support
LinuxOS as an operating system. They were developed to run using Software Defined
Radio(SDR) devices for over-the-air transmissions. The suite also includes a virtual radio
which is implemented using ZeroMQ, as an alternative networking library to transfer radio
samples between applications.

In our specific niche, ZeroMQ played a critical role in the development, debugging
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and testing of SPS. In particular, srsUE which is "a full-stack SDR 4G UE application with
5G features" is the app used in the development of this project, with multiple additions
being made to support SPS.

4.3.1 RRC Layer modifications

One of the first changes actually implemented was configuring the UE RRC layer to
acknowledge the existence of configured scheduling. Parameters such as periodicity &
nrofHARQ-Processes etc. are directly used by the SPS algorithm and needed to be
included in the UE code stack.

The RRC layer of UE receives an RRC reconfiguration message from gNB which
includes the SPS config. It will then unwraps the message and then pass the information to
the MAC layer using an RRC to MAC interface. Then the NDS class located in the MAC
layer will receive the message and mainly use it to configure UE periodicity. The MAC
layer then needs to handle transmission and reception without dynamic scheduling(through
the NDS class created) as per TS 138321 5.8[13].

However the SRSRAN-4G UE code stack didnt include such functionality and needed
to extend the stack to support it.

For this reason we created the apply_sp_cell_init_dI_sps boolean function. The way
it works is as follows:

* First it checks whether or not the downlink HARQ configuration was created. If not
it will return false

* Next it checks for the existence of the MCS table within sps_cfg. If true the value
the PDSCH MCS table is gam64LowSE as per spec

* If the MCS table is not present our addition was to create the 64qam table

The next step is creating a switch statement that will assign the periodicity. Both the
assigned value and default value are 10ms.

Finally the periodicity is passed to set_sps_grant and a true value is returned to the
function

1 /// apply sps_config

> //Read sps config and notify of content in rest of the stack

3 bool rrc_nr::apply_sp_cell_init_dl_sps(const asnl::rrc_nr::sps_cfg_s&
sps_cfg) {

logger.info("In apply init dl sps");

6 dl_harq_cfg_nr_t dl_harq_cfg_nr;

7 if (make_mac_dl_harq_cfg_nr_t(sps_cfg, &dl_harq_cfg_nr) ==
8 false) {

9 logger.warning("Failed to make dl_harq_cfg_nr config");
10 return false;

1 }

12 logger.info("Before infprming the mac about the harq");
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13 mac->set_config(dl_harq_cfg_nr);

14 if (sps_cfg.mcs_table_present) {

15 phy_cfg.pdsch.mcs_table = srsran_mcs_table_gam64LowSE;
16 }

.

18 else{

19 //0ur thought here!!!
20 phy_cfg.pdsch.mcs_table = srsran_mcs_table_64qam;

23 switch (sps_cfg.periodicity)

24 {

25 case sps_cfg_s::periodicity_opts::msl®:

2 phy_cfg.pdsch.periodicity_ms = 10;

27 break;

28 case sps_cfg_s::periodicity_opts::nulltype:

29 logger.warning ("Warning while selecting sps periodicity");
30 return false;

31 default

£p phy_cfg.pdsch.periodicity_ms = 10;

36 logger.info("Setting the grant toi the mac mainly the periodicity");
37 mac->set_sps_grant (sps_cfg.periodicity);

39 return true;
40 //TODO: :

Per 3GPP TS 38.331[14], the UE requires the following:

* periodicity ENUMERATED ms10, ms20, ms32, ms40, ms64, ms80, ms128, ms160,
ms320, ms640,spare6, spareS, spare4, spare3, spare2, sparel,

e nrofHARQ-Processes INTEGER (1..8)
e n]PUCCH-AN PUCCH-Resourceld OPTIONAL, — Need M
* mcs-Table ENUMERATED qam64LowSE OPTIONAL, — Need S

CS-RNTT or Configured Scheduling - Radio Network Temporary Identifier is, as
the name suggests, an identification number used to differentiate one UE’s traffic to the
eNB/gNB from another’s. There is a large number of different RNTIs each with its own
use case but in our specific scenario we will exclusively use CS-RNTT.

Going more in depth regarding CS-RNTI, it is actually used in conjuncture with DCI
messages. One can think of CS-RNTI as a CRC mask that is used to decode the DCI
message a UE receives from the gNB. For every DCI message a unique CS-RNTI ID is
needed to actually decode it. This implies that the gNB has a list of all available CS-RNTIs
thus "knowing" the amount of users needed to be scheduled
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4.3.2 MAC Layer modifications

The main class which we worked on for the MAC layer is proc_nds_nr.cc. It is used
in order to handle the scheduling functionalities of non-dynamic scheduling, particularly
configured grant and SPS.

As presented before, one of the main qualifiers of whether a transmission is viable for
SPS is the periodicity and whether it’s a transmission opportunity or not.

void non_dynamic_scheduling_nr::handle_downlink_grant(const uint32_t

periodicity) {
2 logger.info("handling the sps grant in the MAC layer");
3 std::lock_guard<std::mutex> lock(mutex);

5 sps_grant.periodicity = periodicity;

¢ sps_initiated=true;

s }

9o void non_dynamic_scheduling_nr::activate_sps({

0 if (sps_is_activated) {

11 sps_is_activated=false;

2 }else{

13 sps_is_activated=true;

4 }

15 bool non_dynamic_scheduling_nr::is_sps_transmission_opportunity (
uint32_t tti){

16 //dummy

17 return (tti % 7 == 0);

18

19 //return (tti % sps_grant.periodicity == 0);
20

21 //TODO :

2 // add the actual equation

As shown in the code snippet above, we had to make some concessions pertaining to
the transmission opportunity. In the current implementation we have used a pre-configured
value, but in reality, if going by the technical specifications, transmission opportunities
are calculated using the following formula[/13]:

(numberO fSlotsPer Frame * SF'N + slotnumberinthe frame) =
[(numberO f SlotsPer Frame x SF N starttime + slotstarttime)+
N x periodicity * numberO f Slots Per Frame/10lmodulo(1024 x numberO f SlotsPer Frame)

While the proc_nds class is able to handle both configured grant and SPS, we will
focus solely on the additions needed for SPS.
After configuring the HARQ process and ensuring that they are given a HARQ process
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ID, the UE begins looking for an appropriate transmission opportunity.

If an appropriate transmission opportunity is found, a method is provided which checks
the time the grant arrived and provides the value for the HARQ. Finally the HARQ process
ID is calculated, based off of the current TTI and periodicity.

4.3.3 PHY layer modifications

Additional work was needed in the PHY layer of the UE code stack, in order for the UE
to both identify the SPS activation grant as well as any following SPS transmissions. To
this end, modifications were done to the state class which is responsible for managing the
pending grant list of the UE along with the cc_worker class which handles the reception and
decoding of both DL and UL PHY channels of the UE. Particularly, the decode_pdcch_dl
method was updated to search not only for PDCCH scrambled with C-RNTI but also with
CS-RNTI. Furthermore, updates were done to the decode_pdsch_dl() method by adding
the capability to also search for an SPS grant and not just exclusively dynamic grants.
Special consideration was needed for the specific case of SPS resources being unutilized.
As these resources are available in a periodic manner the gNB might or might not use
them to send an amount of user data. Despite these resources not being used the UE still
attempted to decoded them and sent an ACK message even though no data was sent. Extra
attention to detail was needed here so that the UE could tell apart an empty transmission
from a non empty one and not proceed with an acknowledgment in case of an empty
transmission being detected.
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5 Simulations and Results

In this chapter the results of simulation experiments will be presented. Overall there
was a substantial reduction of DCI messages requirements achieving the primary goal
of this implementation, which is to reduce the scheduling overhead that is inherent with
transmissions such as VOIP.

The simulation environment, consists of 4 different components.

* Dockerized Open5GS: A containerized version of the Open5SGS core network, pro-
viding the necessary 5G core network functions.

* g¢NodeB (gNB): Our modified version of the srsSRAN gNB implementation, incor-
porating the SPS functionality.

» User Equipment (UE): The modified srsRAN UE implementation, capable of oper-
ating under SPS.

 Traffic Generator Console: Used to simulate realistic network traffic patterns be-
tween the gNB and UE.

This setup allows for a controlled scenario of packet traffic to occur. The main key
metric that is presented in the graphs is the average number of required transmissions
needed to send a specific amount of packets.

Our primary goal of reducing the signaling overhead was successfully achieved. Fig-
ures 5.1 [5.2} [5.3]and [5.4] illustrate the different scenarios. In total there were two
scenarios, a 2000 packet and a 5000 packet one. As evident from the graphs, SPS signif-
icantly reduced the signaling overhead, with an average reduction of 30% compared to
dynamic scheduling.

One thing to mention however is the inconsistent latency presented when transmitting
packages. Whilst SPS successfully reduced the overhead requirements, there wasn’t a
similar reduction in latency between packets. In specific cases concerning the hardware
the simulation was ran on latency was slightly increased when using SPS. This was due to
SPS opportunities colliding with the Channel State Information-Reference Signal which
are also periodically transmitted. However, even in cases of no such collisions the latency
reduction was not so apparent. This could be explained due to limitation presented by
3GPP, particularly the requirement that a UE must continuously look for scheduling grants
which leads to similar latency to dynamic scheduling. The UE has to search for PDCCH
in every TTI because the gNB might either decide to deactivate the SPS or schedule the
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Chapter 5. Simulations and Results

UE with a dynamic grant for this specific occasion. One could see a substantial latency
reduction in the case of UL configured scheduling where the Scheduling Request is not
needed.

The simulation results showcase the potential of our SPS implementation to signif-
icantly reduce control signaling overhead while at the minimum maintaining other key
metrics. The reduction in signaling overhead aligns with our primary objective and signi-
fies that SPS can effectively address challenges with large scale 5G networks. Whilst there
were no latency improvements, the increased throughput and efficient resource utilization
could potentially translate to future real-world deployments.

In the graphs presented below, the bars showcase the number of transmissions on each
slot, whilst in red is the average number of PDCCH transmissions per second. For the
3rd and 4th graphs, the sampling rate is 10 seconds due to the large amount of data that
needed to be processed from the log files.

PDCCH Transmissions Over Time

12 4 Avg Transmissions per second: 7.45

10 A

Murnber of PDCCH Transmissions

Figure 5.1: 2000 Packets SPS experiment with an Average Number of transmissions per
second equal to 7.45
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PDCCH Transmissions Over Time

16 4

14 4

Mumber of PDCCH Transmissions

Avg Transmissions per second: 12.12

Figure 5.2: 2000 Packets Dynamic Scheduling with an Average Number of transmissions
per second equal to 12.12
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PDCCH Transmissions Over Time
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Figure 5.3: 5000 Packets SPS Average Number of transmissions per 10 seconds equal to
83.06
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PDCCH Transmissions Over Time

140 4
Avg Transmissions per 10 seconds: 123.70
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Figure 5.4: 5000 Packets Dynamic Scheduling Average Number of transmissions per 10
seconds equal to 123.70
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6 Conclusion and future work

This thesis has presented a comprehensive overview and analysis of Semi-Persistent
Scheduling for Beyond 5G networks, demonstrating the potential in resource allocation
optimization and overhead reduction. Through changes to the overall project code stack,
including the PHY, MAC and RRC layers we have developed a functional prototype of
SPS protocol within the open-source srsSRAN framework.

The primary objective which was the reduction of scheduling overhead was achieved
successfully, with simulation results showing a significant decrease in the number of DCI
messages required when compared to dynamic scheduling.

During the implementation several challenges arose, particularly in adapting the al-
ready existing srSRAN stack to support SPS functionality. While concessions had to
be made, the complexity of this project showcased the difficulty of implementing a new
protocol to an already existing code stack whilst providing insight to the importance of a
well defined standard, such as the one provided by 3GPP.

Finally as mentioned, there are several limitations and concessions that had to be made
in order to provide a working prototype. First and foremost, the fact that the current
implementation is optimized for one UE, limits its potential for real world applications.
Additionally, periodicity is statically defined rather than dynamically adapting to match
current network traffic requirements.

Future improvements can focus in several fields such as:

1. Multiple UE support, each with different periodicities and resources requirements,
necessitating the development of more complex scheduling algorithms to ensure
fairer resources allocation

2. Dynamic Periodicity based on real world conditions such as traffic patterns and
network conditions. This could lead to an improvement to resource utilization.

3. Integration with other network features: Exploring how SPS will be integrated
with already existing network infrastructure as well as Ultra-Reliable Low-Latency
Communications

4. Standardization and interoperability: Ensuring that the implementation is aligned
with 3GPP specifications and interoperable with commercial network equipment.

In conclusion this paper provides a much needed foundation for future research into
SPS for Beyond 5G networks. Ongoing research and development in the scheduling part of
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Chapter 6. Conclusion and future work

cellular communications has the potential to provide significant advances to performance,
efficiency and capabilities of next-generation networks.
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Figure A.1: Simulation Environment
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Figure A.3: UE Console
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Figure A.5: Simulation Environment
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