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[MponyUEVEC APXLTEKTOVIKEC ALKTUWV

Osuatikéc Evotntec (OE) nobnuotoc

James F. Kurose | Keith W. Ross

MORGAN 8 CLAYPOOL PUBLISHERS

= Eloaywyn

5G Mobile Networks
A Systems Approach

Aiktua Koppou kat MntpomoAttika Aiktva
(Omtika Aiktua Metaywyng Mrkouc Kupatoc)

Larry Peterson
Oguz Sunay

amny, %
= Aiktua npocfaonc — EvoUppata R
Aiktua kaAdwdiou, DSL, ta®ntikd omtikd Siktua) ®  COMPUTER —°=
( y oL, Tasn ) NETWORKING
’ i ’ ’ ’ H ATOP-DOWN APPROACH
= Aiktva ntpocBaong — AcUppata/Kivnta Aiktva @ o a—
(kwvnta diktua 4G kat 5G)
IxeTka BLpAia:
" AlKTUQ KE'VTP(.OV SESOHE'V(I)V 1) Computer Networking: A Top-Down Approach, by Kurose & Ross,
Addison-Wesley, 8"’ EkSoaon, EAAnvik Metadpaon: Ekdooelg : M. Mkioupdag
(Data center networks) 2) Optical Networks: A Practical Perspective, 3rd Edition, by R. Ramaswami, K.

Sivarajan, G. Sasaki, The Morgan Kaufmann Series
3) 5G Mobile Networks: A Systems Approach, Larry Peterson, Oguz Sunay, and Bruce
Davie, MC publishers
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Kiwvnta Alktua

= Eloaywyn = 5G
* |SLoTEPOTNTEC OLCVPUATWVY (EVEEWV * Numerology/Radio frames
e [eviec kuperoeldwv KTV WV e Cloud-RAN

* 5G Core
* Deployment options, slicing

> 5G
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=" Padlodpaopa
" 4G LTE

e APXLTEKTOVLIKN
e Radio Access Network (RAN)
e Evolved Packet Core (EPC)




AvATttuén KvNTWV ETIULKOLVWVLWV

Figure 1: Mobile subscriptions by technology (billion)
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Ericsson Mobility Report, June 2022

2822

2823

2824

2825

2826

21
billion

2827

5G subscriptions are forecast
toreach 4.4 billionin 2827.

4.4..

M 56

B LTE (4G)

B WCDMA/HSPA (3G)
B G5SM/EDGE-only (2G)
Il TO-5COMA (3G)

B coMA-only (2G/3G)
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AvATttuén KvNTWV ETIULKOLVWVLWV

Figure 3: Subscriptions and subscribers (billion)

18 : B Mobile subscriptions
: [ Mobile broadband subscriptions
o
: Smartphone subscriptions
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| B Fixed broadband subscriptions
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Ericsson Mobility Report, June 2022
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AvATttuén KvNTWV ETIULKOLVWVLWV

Figure 15: Global mobile network data traffic and year-on-year growth (EB per month)

. Data —— Year-on-year growth
188 189
ae B8

68

PN
S

Total (uplink + downlink) traffic (EB per month)
(1uaaad) yimolb Joak-uo-1Da )

40 48
20 20
a 8
0l Q2 Q3 04 01 Q2 Q3 04 Ol Q2 Q3 Q4 Q1 02 03 Q4 Q1 Q2 O3 Q4 01 02 Q3 Q4 Q1 Q2 Q3 04 Q1
2815 2816 2817 2018 20819 2820 2621 2022

Source: Ericsson traffic measurements (Q1 2822).
MNote: Mobile network data traffic also includes traffic generated by fixed wireless access (FWA) services.
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AvATttuén KvNTWV ETIULKOLVWVLWV

Figure 21. Mobile Video Will Generate Nearly Four-Fifths of Mobile Data Traffic by 2022

100 46% CAGR
2017-2022
80
60
Exa;:qayt?ﬁ 100 Exabyte/month =
per Mon 305 Thit/sec
20
0

2017 2018 2019 2020 2021 2022

B Mobile Video (59%,79%)

B Mobile Non-video (41%,21%)

MNote: Figures in parentheses refer to 2017 and 2022 traffic share.
Source® Cisco VNI Maobile, 2019
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Kwnta Aiktua (Mobile Networks)

" [eploocotepPOL cUVOPOUNTEC KvnNTwV (Mobile) tnAedwvwv napa octabepwv
(wired) (10-mpoc-1 1o 2019)!

" [epLOCOTEPEC KIVNTEC-EUPUIWVLIKEC KWVNTEC (mobile-broadband) cuokeuég
ouvdedepevec nopa otaBepec-cupulwVviKeC (fixed-broadband) (5-1in2019)!

= 4G/5G kuperoeldn diktua akoAouBouv tnv otoifa MpwTtokOAAwWV Tou Internet
kot To software defined networking (SDN)

" AUO ONUOVTLKEG TIPOKANCELG
* QoUPUOTN ETILKOVWVLOL
* KLVNTLKOTNTO: KLYNTOC XpNotng rtou aAAaleL onpeio cuvdeoncg oto Siktuo

Kwnta diktua 5G - 8



Xapaktnplotika acvpuoatne (evénc (1)

onuavtikec SLadopeC amo evouppatn (vén ...

" E¢aoBevnon Loyuc onuatoc: to padloonua e€aoBevel kabBwg trd\?
Stadidetal otov agpa (ta kupata Stadidovtal o€ 3 SLOOTACELC FSPL = (T)
free space path loss FSPL ~d?, ot uPnAEc ocuxvoTnTEC £XOUV
neyain e§acBevnon ~f2) + enutAgov €§a0BEVNON OO EUTIOOLAL spr(an) — 2010, (duy) + 2010, (fom.) + 92.45

m.x. 10 km, 3 GHz: 122 dB

" [MapepBoAEc amod AAAEC TINYEC: OL CUXVOTNTEC polpalovTal Le
AAAeC ouoKeLEC (T.X., 2.4 GHz (wifi) iblo pe DECT, ¢poUpvoug
ULLKPOKU LATWV)

" Atdboon mtoANamAwY SLodpopwV: ToL POSLOCHUOTO OVAKAWVTOL 1 eiver
Qo aVTIKELpEVO 0To £6adoc, dBAvoVTaC OTOV TPOOPLOUO O — =
ehadbpwc dtadopeTikolC XPOVOUC

... KAVOUV TNV ETILKOWVWVLO TTAVW arto pLa acVppatn (evén
(akOpO KoL «ONHELOVU TIPOC onUeLo») TTOAU 1o “6UokoAn”

Kwnta 6iktua 5G - 9



Xapaktnplotika acvppoatne (evénc (2)

Amnodektn enkowwvio BER > opto FEC (m.x. 107?) 10 |
SNR: signal-to-noise ratio (Adyoc onpatoc npoc 66puBo) 102 N L
* Meyalo SNR — o 6€ktng e€ayel eUKOAOTEPA TO oA 103 \ \
aro tov 66pufo 3 \ \‘
AtadopeTikéc popdéc Stapopdwonc / Stadopetikée &' \ \
ouvoptnoelc BER — SNR 10° d
e Sebouévou kavaiou/GopuBou: 00 \ |
avénon toyvoc -> avénon SNR -> ueiwon BER “ :
e SeSouévou SNR: emthoyn Staudpewanc mou kavomotel 10 20 30 40
to BER Opto, BéAtiotn anodoon yia ouykekpiuévo SNR SNR(dB)
2TIC aoUpMATEC eMLKOVWVieC To SNR aAAaleL pe tnv = == QAM256 (8 Mbps)
K(vnon tn¢ cUoKeUNG N tou epLBAaAAovToC — — . QAM16 (4 Mbps)
e AUon: duvaulkn pooappoyn (Loxuc kot popdng — BPSK (1 Mbps)

dlapopdwong)

Kwnta diktua 5G - 10



Xapaktnplotika acvppoatnc (evénc (3)

MoAAamtAol acUppaToL AOCTOAELC Kat TopaARTITEC SNULOUPYOUV ETLITAEOV
npoBAnuata (mepav tng moAAamAng npocfaonc) — kupiwc o diktva WiFi

&I & &
Ag g B g C

I
——

A's Signal C's Signal
strength strength

space

MPOBANUA KPULHEVOU TEPUATLKOU E€00B£vnon orLoToC
(Hidden terminal) = B, A akoUVe 0 £vag Tov dAAO
= B, A akoUve 0 €vac tov aAAo = B, C aKOUVE 0 £vac Tov GA\O
= B, C akoUve 0 €vac Tov AAAO = A, C ayvooUV TIC TapeBOAEC TOUC
= A, C dev akouve o €vac tov aAlo: oL A, C oto B

ayvoouV TI¢ tapeBoAEC Toug oto B

Kwnta diktua 5G - 11



Mwc xelplopaote ta Aadn

= Artio AaBwv
e EvoUppata: Alyo AaBn otn petadoon, anwAela makeTwyv e€attioc oupdpopnonc otouc SPOUOAOYNTEC
e AcUppata: AaBn otn petadoon

= TL KAVOUUE oTa evoUppata

* EAeyxoc (kamolec popEc kat SLopBwoaon) oe kaBe (evouppatn) (evén yia AdBn petadoong, anoppudn
TOKETWV PE AAOn (Hikpn mBavotnta)

e TCP: EmMovapeTadO0eLlC OmO-AKPO-0€-AKPO KoL EAEYXO PONC VLA TLC ATIWAELEC OTOUC SPOLOAOYNTEC

" TL KAVOUUE OTO OOV P AT

* AU&non tng Loxvocg petadoong
* [eploootepPn KATAVAAWON EVEPYELOC (KOKO yla T pmoartaplia)
* Anuloupyel mapepPoléc oe AAAOUC EKTEC

* Emdoyn KatdAAnAng Texvikng Stapopdpwong
* Pixvoupe tov pubuod petadoonc dedopevwy yla va petwBouv ta AdBn

* ‘EAeyxog ko 510pOwon AaBwv Kal EMEVAUETAOOOELC
* [o oxupol kwdkec (Bapla emetepyaocia, TAEOVAOUOC - LEYAAUTEPN KATOVAAWGON KovaALloU)

* Emavapetadooelg o€ pia (evén (LeyaAltepn KatavaAwon KavaAlou)
Kwnta diktua 5G - 12



4G/5G kupeAwTta SikTtua

OLOLOTNTEC UE TOL EVOUPUOTO Alapopéec amo evouppata dlktua
= Aldkplon akpng/mupnva Siktuou, aAAad = AwadopeTiko eninedo (euéng
Kol Ta SUO avrKouv oToVv LOLo TIAPOoYo « Kwntwdtnta we Baotkn unnpeoia

ota kupeAwta = «Tavutotnta» xpnotn (Leow SIM)

= EmuxelpnUaTiko HOVTEAO: OL XPNOTEC
ylvovtal cuvdpouNnNTEC EVOC aPOXOU
= Eupela xprion Twv mpwtokOAAWV TNg KWwNTAC tNAsdwviac
TCP/IP otoiBac: HTTP, DNS, TCP, UDP,
IP, NAT, Ethernet, ofipayyeg

= [aykoouo KuPeAwTo diktuo: Eva
Siktuo SikTu WV

= LOXUPN €vvola TOU «OLKLoLkoU HLKTUOU»

KOlL EVVOLOL TNG TIEPLOY WY G OE
= ALOXWPLOMOG TWV EMUTEOWV ETILOKETITOMEVA HlKTUL A

Sedougvwv/eAeyyou (SDN) = TayKoopLa pocpacn, e UTtoSoUA
= AL0lOUVOEDBEUEVO UE TO EVOUPUATO eNMAANBOgUONC TOUTOTNTAC KOl
Aladiktuo SLakavovIopoUC LETAEL TTOPOX WV

Kwnta diktua 5G - 13



XapaKTNPLOTLKA ETUAEYUEVWV AU PULOATWY TIPOTUTIWV

200
. 54 802.11a,g point-to-point
(7))
o
§ 5-11 802.11b
Y 4 3G: UMTS/WCDMA-HSPDA, CDMA2000-1xEVDO
L
S
®
|
384 2.5G: UMTS/WCDMA, CDMA2000
.056 2G: 1S-95, CDMA, GSM
Indoor Outdoor Mid-range Long-range
10-30m 50-200m outdoor outdoor

200m -4 Km 5Km — 20 Km
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EEEALEN KLPEAWTWV ETKOWVWVLWV

Generation ([Standard Frequency Max Speed Multiple
(main bands) [DownlLink Access
plc

Global System for Mobile 900 MHz, 1.8 GHz 14 Kbps TDMA/FDMA  Europe and then global
Communications
1330 General Packet Radio Service 900 MHz, 1.8 GHz 171 Kbps TDMA/FDMA  Improved GSM + introduce
Internet service (2.5 G)
Enhanced Data rates for GSM 900 MHz, 1.8 GHz 384 Kbps TDMA/FDMA  Improved GPRS (2.75 G)
Evolution
1S95 Interim Standard 800 MHz and 14 Kbps CDMA US and Asia
(CDMAOne) 1.900 GHz
UMTS (W- Universal Mobile 2.1 GHz 2 Mbps CDMA Following the GSM
CDMA) Telecommunications Systems architecture— different MAC
AW B3 B High-Speed Packet Access, 2.1 GHz 14 — 40 Mbps CDMA Improved UMTS (3.5G)
later HSPA+
EV-DO Evolution Data Optimized 850 MHz,1.9 GHz 153 Kbps CDMA Improved 1S95
CDMA2000
Long Term Evolution 1.8,2,2.6GHz 100 Mbps OFDMA all-IP, MIMO
LTE-A Long Term Evolution — 1.8, 2, 2.6 GHz 1 Gbps OFDMA Carrier aggregation (wider
Advanced, then Pro spectrum) & higher MIMO
5G NR New Radio 700 MHz, 2,3.4, 10 Gbps OFDMA Massive MIMO, beam-
26, 40, 66 GHz forming, mmWaves

Kwnta diktua 5G - 15



EEEALEN KLPEAWTWV ETKOWVWVLWV

CDMA One
(15-95)

!

CDMA-2000
{by 3GPP2)

S

\

LTE &~ SCDMA

N
LTE
Advanced 3GP|?
i Family
5G

* Mainly circuit switched, with packet-
switching introduced since GPRS

* Based on TDMA (and CDMA for CDMA
One)

e Circuit and Packet-switched
e (Primarily) based on wideband COMA

» All IP flat architecture with evolved

packet core.
* Based on OFDM and MIMO
« Cooperative processing

* Based on massive MIMO, Small Cell
and centralized processing techniques

* Integrated wire and wireless full IP
networks

I

2.4GHz Wi-Fi,

Bluetooth, etc. Up to 6GHz 802.11ax

n-mmWave 5G Non-mmWave5G

G 2G/4G3G| 4G S5GHz Wi-Fi

e

0GHz 7GHz

5G mmWave: 26, 40
and 66 GHz

Kwnta diktua 5G - 16



The 3rd Generation Partnership
3G P P Sta n d a rd S Project is an umbrella term for
several standards organizations
= m  (ARIB, ATIS, CCSA, ETSI, TSDSI, TTA,

el

A ctosal inmitiative TTC)which develop protocols for
mobile telecom

3GPP Releases Timeline

1999 2002 2009 2011 2016 2019 2022 2025

OO C I I e
36“

3.5G (HSDPA)
4G d—éM

Real 4G (LTE-A)  4.5G (LTE-A Pro)

Q
= Release 17 was finalized 3/22 °G —ﬁ- \g)

= Release 18 was finalized 12/23

= Now working on release 19, release 20 will be on 6G (work will start 2025)!
Kwnta diktua 5G - 17



Kiwvnta Alktua

" Eloaywyn =" 5G
* |SLatEPOTNTEC OLCVPUATWVY (EVEEWV * Numerology/Radio frames
e [evieg kKuPeAOELOWV SIKTUWV e Cloud-RAN

= PaSlopdopa * 5G Core

" 4G LTE * Deployment options, slicing

e APXLTEKTOVLIKN
e Radio Access Network (RAN)
e Evolved Packet Core (EPC)
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HAekTpopayvnTko paopa

The Electromagnetic Spectrum Ofcom

stay connected

|< Non-ionising radiation’ >}<— lonising radiation"—»{

SEANNNNNS KRR RN
S \\\\\\\\\\W
SEANNNNNN{NN Y

700 2.4 2.6 3.4-38 5 430-750 30 3 300
MHz GHz GHz GHz GHz GHz GHz GHz THz PHz EHz EHz
N,
2G 3G 4G 5G ~@-
- -~ ::.
V A 1
. / . Vlisible Ultraviolet  X-rays Gamma
/ Optical .
2G 3G 4G 4 communications light rays
Ethernet (10Gbps . L ) . ~ ~
Cat 6): 25(0 MHzp Terrestrial 2.4 GHz Existingmobile Currentand planned 5 GHz Possible future 193.4 THz (~1550nm)
. TV wifi airwaves i wifi 5G airwaves
VDSL: 30 MHz 5G airwaves Hertz (Hz) key:
Coax: 1 GHz kHz: kilohertz = 10° Hz THz: terahertz = 10 Hz
*Radio frequencies needed for common household items to work, from televisions to microwave ovens (usually between 3KHz and 300GHz) produce radiation which is MHz: megahertz = 10°Hz  PHz: petahertz = 10" Hz
classed as ‘non-ionising. This means that it does not have sufficient energy to break chemical bonds or remove electrons, as opposed to ionising radiation, which occurs GHz: gigahertz = 10° Hz EHz: exahertz = 10" Hz

at much higher frequencies and is generally considered to be hazardous to humans. (Source: International Commission for Non-lonizing Radiation Protection (ICNIRP))
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AdelLodoTnNON pAcHATOC

ISM Bands (Industrial Scientific Medical)

st W - - = EAeUOBepo paopa - xwpls adela
= Xpnotpormoteitat amno ta Wireless LANs (wifi)
Fred. 902 928 2.4 2.4835 5735 5,860
MHz MHz GHz GHz GHz GHz

To paopa yia KuPeAoeldAC ETMIKOWVWVIEC Oev elval eAeVBepo

To 3GPP opilel mBava tuRpata ¢aocpatoc (kavaila), n kKABs xwpo
ETUAEYEL KATIOLA OTTO QUTA KOlL TaL SNUOTtPATEL

Mo to 5G to 3GPP opitel 2 meploxec: FR1 (450 MHz—6 GHz) kat FR2 (24 GHz-52 GHz)

2tnv EAAdda n dnuonpacia paocpatoc yia 5G opyavwOnke amo tnv EBvikn Emtporn)
TnAemukowwviwv kat Taxudpopeiwv (EETT), 7/2020

Cosmote, Vodafone & Wind améktnoav dikaiwpa xpriong og tuRpota twv: 700 MHz,
2 GHz, 3400-3800 MHz ko 26 GHz

JuVOALKA €coda amo dnuompacia 372 M eupw

* COSMOTE (123.034.000 €):

- 15 kavdAia otn {wvn twv 3400-3800 MHz pe tipnua 30.705.000 €
- 2 kavaAa otn {wvn twv 700 MHz pe tipnpo 50.578.000 €
- 4 kavdAa otn {wvn twv 2 GHz pe tipnua 35.270.000 €
- 2 kav@ho otn {wvn twv 26 GHz pe tiunpo 6.481.000 €
* VODAFONE-NANA®ON (130.176.000 €):

- 14 kavala otn {wvn twv 3400-3800 MHz pe tipnua 37.516.000 €
- 2 kavalla otn lwvn twv 700 MHz pe tipnpa 51.060.000 €
- 4 kavaho otn {wvn twv 2 GHz pe tipnua 35.120.000 €
- 2 Kav@Ala otn {wvn twv 26 GHz pe tipnuo 6.480.000 €
* WIND (119.051.153 €):

- 10 kavdAia otn {wvn twv 3400-3800 MHz pe tipnua 30.306.051 €
- 2 kavdAa otn {wvn twv 700 MHz pe tipnpo 50.080.051 €
- 4 kav@Aa otn {wvn twv 2 GHz pe tiunua 35.420.000 €
- 1 kavaAL otn {wvn twv 26 GHz pe tipnua 3.245.051 €
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3GPP - 5G channels, and US/DS multiplexin

To 3GPP opilel mBava tpuApata pacpatog (kavaila), n KABs xwpa eTAEYEL

FDD
I 14 I I
KOTtoLaL O1ItO QU TAL KOLL TAL 5|’] LOTIPDOTEL o
NR operating band Uplink (UL) operating band Downlink (DL) operating band Duplex Mode E
n1 1920 MHz - 1980 MHz 2110 MHz — 2170 MHz FOD g
n2 1850 MHz — 1910 MHz 1930 MHz — 1980 MHz FDD g
n3 1710 MHz - 1785 MHz 1805 MHz — 1880 MHz FDD h./ /
ns 824 MHz— 849 MHz 869 MHz - 894 MHz FOD
n7 2500 MHz = 2570 MHz 2620 MHz - 2690 MHz FOD /
ng 880 MHZ — 915 MHz 925 MHz - 960 MHz FDD >
n12 699 MHz - T16 MHz 729 MHz - 746 MHz FDD Time
n20 832 MHz — 852 MHz 791 MHz — 821 MHz FDD
nzs 1850 MHz — 1915 MHz 1930 MHz — 1995 MHz FDD
n28 703 MHz — 748 MHz 758 MHz — 803 MHz FDD
n34 2010 MHz — 2025 MH z 2010 MHz — 2025 MHz TDD TDD
n38 2570 MHz — 2620 MHz 2570 MHz — 2620 MHz TDD
n39 1880 MHz — 1520 MHz 1880 MHz — 1920 MHz 0D o
n40 2300 MHz — 2400 MHz 2300 MHz - 2400 MHz TDD &
nal 2496 MHz — 2690 MHz 2456 MHz — 2690 MHz 0D ]
S0 1432 MHz — 1517 MHz 1432 MHz — 1517 MHz TOD &
ns1 1427 MHz — 1432 MHz 1427 MHz — 1432 MHz TDD &
nés 1710 MHz - 1780 MHz 2110 MHz - 2200 MHz FDD
n70 1695 MHz — 1710 MHz 1995 MHz — 2020 MHz FDD
nrl 663 MHz - 698 MHz 617 MHz - 652 MHz FOD »
n74 1427 MHz - 1470 MHz 1475 MHZ — 1518 MHz FDD Time
n7s NIA 1432 MHz — 1517 MHz SDL
N6 NIA 1427 MHz — 1432 MHz SDL
77 3300 MHz — 4200 MHz 3300 MHz — 4200 MHz TDD
n7g 3300 MHz — 3800 MHz 3300 MHz — 3800 MHz TOD H
n79 2400 MHz — 5000 MHz 4400 MHz — 5000 MHz TDD TDD prOfIIe (4G)
n30 1710 MHZz = 1785 MH z NJA SUL Uplink-Downlink Subframe Number
ng1 880 MHz - 915 MHz Nia SUL Structure 0 1 7 3 4 5 6 7 8 g
82 832 MHzZ — 862 MHz NIA SUL
n83 703 MHz - 748 MHz N/A SUL a Dls|jujujufofs|ujufu
n84 1920 MHz — 1980 MHz NIA SUL 1 olelululololsluluelc
nes 1710 MHz— 1760MHZ NIA SUL
n2s7 26500 MHz — 29500 MHz 26500 MHzZ — 29500 MHz TOD 2 o|ls|u|lo|o|o|ls|u|lo|D
n258 24250 MHz — 27500 MHz 24250 MHz - 27500 MHz TDD
n260 37000 MHz — 40000 MHz 37000 MHz — 40000 WHz TDD 3 plsjujwjujojo|D|D|D
n261 27500 MHz — 28350 MHz 27500 MHz — 28350 MHz TDD 4 p|ls|lululo|lolo|lo|o]|o
FDD: Frequency division duplex (typically equal spectrum uplink & downlink) Gl N T B I B I L
b p|ls|{uo|luv|ju|o|ls|u|lu|D

TDD: Time division duplex (subframes for uplink and downlink, profiles)
SUL, SDL: Supplementary uplink, Supplementary downlink

— 1mi —*
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High vs low frequency

Higher frequency
means faster
decay

more number of users in a

Lower frequency means
given cell

YPnAEG ouxvOTNTEG

OeTIKA:

i) ouvNBw¢ eplocoteEPO SLaBECLUO
ddaoua, dpa MEPLOCOTEPN
XwpNTIKOTNTA

i) pikpn kaAuvPn / kuP€An, Ayotepol
XPAOTEC, Apa TIEPLOCOTEPN
XWpPNTIKOTNTA O€ KAOE Xxpriotn

£.1GHe

reflected from walls and attenuated from walls but

Higher frequency gets Lower frequency gets
have poor penetration still penetrates

ApvnTLKA:
i) TpoPAnua e€aoBevnong
i) Xpeldletal mukvOTEPN EYKATACTOON
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5G coverage vs capacity

High throughput layer 26/28 GHz — most
(24:25GHZ—52.6 GH
< \ z 2) popular band

Capacity layer 3.5 GHz — most
: popular band
i iz MID BAND METRO i HF:
l __ 700 MHz — most
§ = % plin LOWBAND : Ll Edian= popular band

COVERAGE —>
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5G spectrum repurposing

FR2 —24.25 GHz to 52.6 GHz

FR1-410 MHz to 7.125 GHz

2G

3G

4G

5G
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Kiwvnta Alktua

" Eloaywyn =" 5G
* |SLatEPOTNTEC OLCVPUATWVY (EVEEWV * Numerology/Radio frames
e [evieg kKuPeAOELOWV SIKTUWV e Cloud-RAN

" Padlodpdopa * 5G Core

" 4G LTE * Deployment options, slicing

e APXLTEKTOVLIKN
e Radio Access Network (RAN)
e Evolved Packet Core (EPC)
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APXLTEKTOVLKN KUPEAWTWV OLKTUWV

" Ta kuPpeAwta diktva €xouv 2 tuRpata: RAN, Core
= Aiktuo Acuppatng NpooBaonc-Radio Access Network (RAN)

= ACUPMOTO KOUMUATL: KLVNTO <-> KEpala + emeéepyaoia, L1
& L2 (phy & link layer) tTn¢ acUppatng enkovwviog

= 3710 4G kaAeital Evolved-Universal Terrestrial Radio
Access Network (E-UTRAN), to 5G: New Radio (NR)

= Koppog tou Kupelwtou Awktuou - Mobile Core

" [apEXel OUVOECLUOTNTA OTO UTIOAOLTTO SIKTUO YL
uTtnpeoiec Sedopevwy Kat Ppwvnic

= AuBevtikomoinon, KvnTkoTtNTa, UTTOCTAPLEN 5
TIOAAQTTAWYV UTINPECLWY, XPEWON TWV XPNOTWYV, KATT Cellular Access Network

= 3710 4G kaAeital Evolved Packet Core (EPC) kat oto 5G
kaAeital Next Generation Core (NG-Core)

3] Mobile g
Core
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2G GSM (dwvn) - APXLTEKTOVLKN

\\‘ o J ‘ ...................................... M S C
o Public
— woNeroe __ telephone
S " network
o Gateway
MSC
wle

é Base Transceiver Station (BTS)
Base Station controller (BSC)  Mobile Switching Center (MSC) - Base Station Controller (BSC)

" KATQVEUEL KAVAALQ OE XPHOTES " ouvdEeL KU ENEG OTO EVOUpLATO _ o

(bearer: kavaAL xpriotn) tnAedwvikd Siktuo Mobile Switching Center (MSC)
=  Paging, kataypadr 8éong = auBevtiornoinon B )
= hand-over (petomourny) = Slaxelpiletal eykataotacn KARong — wtwo~ ¥ Mobile subscribers

= Slaxelpiletal TNV KvnTKOTNTA Kwnté Siktua 56 - 27




3G Kot 4G apXLTEKTOVLKEC

__________ (@) — MSC
> B gy Public
— rETS @ | telephone
P e network
"""""""" -~ Gateway
3G
_ T Public
SGSN Internet

Serving GPRS Support Node.
g GGSN

HSS

_ Public
Gl Internet

Evolved Packet Core
(EPC) |

RAN (radio access network) |
Evolved - Universal Terrestrial Radio ™
Access Network (E-UTRAN)

3G

Yuvdeon pe 2 mopAdAAnAa
Siktua: TNAEPWVLIKO Kol
Awadiktuo (Eekivnoe amo
10 2.5G)

4G

YUYKALon Sktuwv: dev
UTTAPXEL SLOXWPLOUOC
Hetaél dktuou Ppwvnc Kot
dedopévwy — 0An n kivnon
HeTadpEPETAL LEOW TOU
rupnva IP (ue xpnon
onpayywv)
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4G LTE apXLTEKTOVLKN

Kwvntr) ouokeun: CE
= smartphone, tablet, laptop, loT, ... Mobile devie

ue 4G LTE radio e ey
= Movadikn tautotnta: 64-bit

Entity (MME) Service (HSS)

n Mobility ‘ ’- .
Management i Home Subscriber
it
[

International Mobile Subscriber Internet
ldentity (IMSI), amoBnkevpevn o

otnv kapta SIM (Subscriber 1 ‘ééz )

Identlty Module) -ﬁo-£ m é;; Serving Gateway (S-GW)

= LTE opoloyia: eEomAlopoc xprotn h

- User Equipment (UE)
}., RAN »‘ — EvoIved Packet Core (EPC) —
(E-UTRAN)
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4G LTE apXLTEKTOVLIKN

" TepUATL(EL TO LU PUOTA KOVOAAL -
Eeklvael To evouppato Siktuo

= SlaxelpileTal aoUPUATOUC TTIOPOUC, e
$opNTEG CUOKEVEG OTNV TIEPLOXN

1 Mobility
Management
Entity (MME)

Home Subscriber
Service (HSS)

Base station
(eNode-B)

KaAAuPnc tou («KUPEAN») Internet
" GUVTOVLIEL TOV EAEYXO TAUTOTNTOG T@éa
NG OUOKEUNCG e To EPC s
, L. , Baam - 1%@1 Serving Gateway (S-GW)
= rtopopolo pe to WiFi AP aAAa: s U@ - gy

" £YEL EVEPYO POAO OTNV KLVNTLKOTNTA

" GUVOMLAEL pE KOoVTIVOUC 0TOBOUC
Baonc ywa BeAtiotomnoinon tng
ETUKOLVWVLOC

= |TE opoloyia: eNB (evolved NodeB), 3G: NodeB (node Bearer)
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4G LTE apXLTEKTOVLIKN

E€umnpEtnc olkelwv @)
ouvopountwy - Home = ___ .
. . . Management ome Subscriber
Subscriber Server (HSS) Mobl ey e ~ Entity (MIME) Service (HSS)
P ase station

= amoBnkeLeL TANPodopieC ol (ode®

OXETLKA LE KIVNTEC CUOKEVEC/ A

ouVOPOUNTEC yLa TLC/TOUC o

ornoieg/omnoioug to diktuo Tou L é@

HSS E(.Vd.l. "OLKLaKé" ‘ﬂ & T%A; - Serving Gateway (S-GW)

= guvepyaletal e to MME otov -
EAEYYXO TAUTOTNTOC OUOKEUNG
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4G LTE apXLTEKTOVLIKN

Mobility Management Entity «=g2> @Zﬁﬁ?
(MME) C@ S
Mobile device v

mg:gigtgment Home Subscriber
- aUeEVTLKOT[O'Lr]OT] (O'UO'KEUf] O€ (UE) _ Entity (MME) Service (HSS)
e Base station
Siktuo, SiKTUO O€ CUOKEUN) O "hmiros  (eNode)
ouvepyaola pe to HSS o __
= SLoxELPLON KWVNTIKOTNTOG: Iﬁgﬁ
! e
" HETAToUTn (handOff) N ) Serving Gateway (S-GW)

" tapakoAouBnon tomoBeaoiog D
OUOKEUNG, oeAbomnoinon (~Eumvnua
OUOKEUNC yla KAon N pnvupa)

= pUOuLon Stadpounc dbedousvwy (onpayyec)
armo Kwvntn cvokeun oto P-GW
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4G LTE apXLTEKTOVLIKN

Serving Gateway (S-GW),

Packet Data Network (PDN) - =
B -: ome Subscriber
Gateway (P‘GW) gllnatir'mc?/g(iﬂm“;g;c ::: ?ervices(l-tl’SS) ¥
e angaten -

to

Internet
%

PDN gateway (P-GW)

" gtn Stadpopn 6eSopEVWY Klvntou
— Awadiktuo (user plane datapath)
= S-GW
" «AYKUPOY» YLOL LETOTTOUTIEC
= P-GW
= TTUAN Tou KuPeAwTtou Siktuou, cav
SdpopoAoynteg MUANG AladLktuou = AA\oL SpopoAoynTac:
= Sivel IP deuBuvoelg, NAT, firewall = IP tpodkBnon (xprion ohpayyac)

PDN: Packet Data
Network

Serving Gateway (S-GW)
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LTE: StaxwpLlopog erutedou 6eOOUEVWV KOl EAEYXOU

Entimebo eAeyyou (control plane)

= NEa TPWTOKOAAQ vl
aoPpaAeLa, EAeyX0 TAUTOTNTOC,
SLaxelpLon KLYNTLKOTNTOC

Entimebo 6ebopevwy (data plane)

= NEa mpwTOKOAAQ oTo eTinedo
(evénc (L2) kat puoko enimedo
base station - (Ll) OoTOo (IO'l')le.CXTO T}lﬁ Ha (RAN)

= Xpnon npwtokOAAwv Atadiktuou
(TCP/IP) kol eKTETOMEVN XPNON
onpPAyywv oToV TTupnRva

IP tunnels
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Kiwvnta Alktua

" Eloaywyn =" 5G
* |SLatEPOTNTEC OLCVPUATWVY (EVEEWV * Numerology/Radio frames
e [evieg kKuPeAOELOWV SIKTUWV e Cloud-RAN

" Padlodpdopa * 5G Core

" 4G LTE * Deployment options, slicing

e APXLTEKTOVLIKN
e Radio Access Network (RAN)
e Evolved Packet Core (EPC)
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LTE Radio Access Network (RAN)

LTE mpwtokoAAa emntedou Levénc (link layer)

. Packet Data Convergence (PDC): 20ykAlon ue IP
Application ) , , )
Transport TOKETA: cuTtieon kepaAldbac, kpumtoypadnon
P ™ Radio Link Control (RLC): tunpatomnoinon/
T Packet Data backet Data / ouvapL'Lo)\c')vr]or] TOKETWVY, aflomotn petadopd
| Convergence Convergence dedopevwy (reliable data transfer) HARQ (Hybrid (FEC)
5 Radio Link Radio Link Automatic Repeat reQuest)
1 Medium Access Medium Access \\. ] , , ,
——— e Multiple Access Control: MpooPaon oto (kowo) peoo,
Yoo Physica avaBeon xpovoBupldwv/cuxvoTitwy

= Xpnon avixvevonc kat §10p6wonc opaApdtTwy Kot
avapetadooswv

T >0 >
QE <« y_7—% data
plane

base station
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Avixveuaon kat OLopOwon opaApatTwy

KwoLKeg aviyvevonc kat S1opBwonc opaApatwy (Umapxouv KwSLKEC LOVO yLa
aviyvevon n ywa avixvevon kat 810pOwon /ovopaletol Forward Error Correction - FEC)
Elcoboc D: ta dedopeva Tou MPOoTATEVOVTAL A0 ToV EAEYX0 opaApdatwy (evoExeTal
va tepthapBavouv nedia tng kedpaAidag tov mAaloiov)

EDC: error detection code bits — eruntA€ov bits (mAeovaopoc - redundancy)

datagram

— d data bits —|
|

4

datagram

otherwise |

all
OK
?

'1

bits in D’

detected
error

D

EDC

DI

EDC’

—> bit-error prone link  —

H avixvevon cpaApdtwyv
dev eivatl 100% aglomiotn!
Protocol " 1O TIPWTOKOAAO UTTOpPEL
dependent VO «XAOEL» LEPLKA
Drop or ask opaipata (omavia)
for retransm , ,
" peyaAvutepo nedlo EDC
obnyel og kKaAUTEPN
aviyvevon kot StopBwon
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Avapetadooelc Hybrid Automatic Repeat reQuest
(HARQ)

ARQ HARQ

" MnXOVLIOUOG snavauera&oonq EQV }\ncbest = PHY (FEC) & MAC layers work together - Hybrid
LE ocba?\ua (oTn ouykeKpLUEVN TTEPITTWON

otV acUppatn even) = Forward Error Correction (FEC): emutA€ov bits yia €éAeyxo kot d16pBwon

= Hrmnyr otéAvel emutAéov error detection Incremen’tal I’Redunleancy or Typg | !—IARQ |
code (EDC) bits yia €éAeyxo AaBwv (.. wifi * H ninyy otéhvel pépoc twv FEC bits (‘puncturing’)
+ cyclic redundancy check - CRC) * Avyivel opdApa n mnyn otélvel emumhéov FEC bits (xwpig dedouévay),

, , , WOTIOV Va Yivel owotn mapaiafn
" Ye mepimtwon AdBouc ta mponyoupeva

(eopalpéva) dedopéva amoppimtovtal kat ® Chase Combining or Type | HARQ

{ntettal amnod tnv mnyn va emMovapetadooel * Hnnyn favaotével ta deSopéva kat o Skt to cuvSUAleL (pe Ta
Tiponyou HeEvVQ)
Transmitter Recerver Transmitter Receiver Transmitter Receiver
DEI*-FEDC‘ Data with 'z puncture Data
Nack m \"

Dat\a-l-EDC Y4 puncture bits Data
\' —(Combine \' —Combine

Ack

Ack
/ ‘___’_/AL—"/‘ & Decode / & Decode




LTE RAN: avaBeon xwpntkotntog

cluster size=3 cluster size=7 » KuPEAN: €XEL CUYKEKPLUEVO ‘KOVAAL / LEPOC pATMATOC
" Emavoypnouomnoinon cuxVoTtATwy oTLC KUYPEAEC
= Downlink (DL): OFDM - opBoywvia toAuTtAséia
dtaipeonc ouyvotntac (FDM) + TDM
= "opBoywvia": eAaxlotn mapepBoAn petaly
uTtoKavaAlwv (subcarriers)
= Uplink (UL): SC-FDMA (mtapopoto pe OFDM) + TDM

= Awakplon UL/DL: duadopetikec ouyvotntec UL/ DL
(frequency division duplex - FDD) 1) StaapopeTIKOG
Xxpovoc petadoonc (time division duplex - TDD)

IR

NN Ertthoyn Stapopdpwonc (mod. format) pe Baon to SNR

T T Ta napamnavw opilovtal ano 3GPP — npotuna, o

LA L aAyoplOpoc avabeong ev elval TUTTOTIOLNUEVOC —
vendor specific o S 56 - 39

frequency
slots <




LTE daopa KavaAlov

To paopa tou KavaAlou
Xwpiletal o€ uTtOKAVAALQL
(subcarriers)

Resource Block (RB):

novada (unit) avaBeong mopwv
(uTtokavaAlwv GACUATOC KOl
XpovoBupidwv) ota Kvnta

Edw BAEMou e povo to daopa

Channel Bandwidth (MHz) 1.4 3 5 10 15 20

Transmission Bandwidth Config. (RB) 6 15 25 50 75 100*
Number of Subcarriers 72 180 | 300 |[600 |[900 1200
Occupied Bandwidth (MHz) 1.08 |27 |45 |90 13.5 [18.0

Channel Bandwidth (20MHz)

<

<Jransmission Bandwidth Configuration (RB) .

* 100 x 180khz= 18Mhz

7 AIRCOM

rrrrrrr

111111

T 20 MHz
él

* 100 Resource
Blocks (RB), each RB
has 12 subcarriers,
each subcarrier is 15
KHz, so each RB has
180 KHz

02013 AIRCOM Inomational Lid
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Carrier Aggregation (CA)

LTE Carrier Aggregation Examples

(a) Intra-band
contiguous L | L

; = CAintroduce in LTE Advanced (3GPP Rel 10)

Y Y
Frequency Band A Frequency Band B

(b) Intra-band
non-contiguous | | L

with 5 Carrier Components (CC)
= Max BW (assuming CC of 20 MHz) = 100 MHz

Y Y
Frequency Band A Frequency Band B

_ Component Component

{C] Inter-band ‘_/./ Carrier 1 Carrier 2 \\_\k

non-contiguous | L

= |TE Advanced — PRO supports 32 CCs

Y Y
Frequency Band A Frequency Band B

Can have different CA for
Uplink (UL) and Downlink (DL)

. max 3 CC, max 100 MHz
Downlink .

Component Carrier, CC t“—)rm fo

e

CC BW: 1.4, 3, 5, 10, 15, 20 MHz

f
1
L 3.

Same DL and UL allocoation.

Uplink

Different DL and UL allocoation.
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KuEAeC - emavaxpnOLULOTIOLNON OUXVOTHTWV

Emavaypnotpornoinon ocuxvotntwy kavaAlov ~ space division multiplexing (SDM)
= D = (interference / reuse) distance between centers of cells that use the same channel
" R =radius of a cell

= d = distance between centers of adjacent cells (d = RV3)

= N = number of cells in repetitious pattern (cluster size)
* Number of frequency channels (each cell in pattern uses a unique channel)

= Hexagonal cell pattern, for different values of N cluster size=3 cluster size=7

e N=I2+12+(Ix)),11=0,1,2,3, .. 2
* Possible valuesof Nare 1, 3,4,7,9, 12, 13, 16, 19, ...
= Interference/reuse distance D = R v3N=d vN
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KupEAeC pe Tunuata

Ix3x1

Xpnotlpornolovvtal otnv mpaén

NxSxK frequency reuse pattern

N = Number of cells per cluster

S = Number of sectors in a cell

K = Number of frequency
allocations per cell
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FDM vs OFDM

" FDM xpelaletol MPOOoTATEVTIKEG {WVEG CUXVOTNTOG guard band
(frequency guardband) petadu twv vmokavaAlwy R |
= OFDM: opBoywvtia urtokavaAia (otnv kopudn evog \ / \ / \ /\

uTtokavaAlou oAa ta Ao cuvelodEpouyv 0)

, , , , Frequency division TlulUp exing
* Melwon tou $AoHATOC, AVOEKTIKOTNTA EVAVTL TNG

e€aoBevionc moAAamAwyv SLadpopwyv, EUKOAN eKTiUNCN
KOVOALWV Kal e€looppoTmnon napepfoAwv

= 4G (&5G): downlink=OFDM, uplink=SC-FDMA

* OFDM: xpeladletal Loxupo evioxutn (€xeL peyaio Aoyo
LEYLOTNG TIPOC péon oxv/ peak-to-average power ratio),
€UKOAO oTOV 0TaBOG BAong Omou n Loxu¢ eival adpBovn

Orthogonal sub-carr

* SC-FDMA: cuvbualel low peak to average ratio mou ;
éxouv Ta single-carrier systems pe To. op€An tou OFDM, Don’t need guard bands
aAAQ €xeL Alyo pikpotepn amodotikotnta amno to OFDM
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LTE avaBeon ywpntwkotntac — Freq & Time

Frequency

20 MHz

100 Resource

Blocks, 1200

subcarriers

:47 One Radio Frame = 10 ms

I 1 ms |
Subframe —»

SIot0 [Slot 1 [Slot2 | woee wonn

One resource element

QPSK, 2bits

16CAM, 4bits

E4QAM, Bbits

I<— 180 kHz —>

12 Subcarriers

12x7 Resource

Elements

Af = 15KIIz

A
»

7 subcyarriers Time
in 0.5 ms

Slot 18

Slot 19

’: " To ¢paopa tou kavaAlov (m.x. 20 MHz) dtapolpaletal og

urtokavaALla (subcarriers) 15 KHz
= (20 MHz — edge guardband)/15 KHz = 1200 subcarriers
= 12 urmtokavaAla amoteAovv pa opdda = 180 KHz
Xpovoc: Radio frame=10 ms, subframe= 1ms, slot=0.5 ms

AN\ Aloupe 1o ‘cUpPOAO’ evog subcarrier 7 popec kaBe slot
" Yav va xoupue 7 subslots kat oto kaBeva oteAvou e
dtadpopetika dedopeva
Resource Element (RE): 1 subcarrier ywa 1/7 slot
Alapopdwon: 2to LTE kaBe RE pmopet va €xeL onpo: QPSK
(2 bits), 16QAM (4 bits), 64QAM (6 bits)
= BAon eKkTiHnong tng mototntac tou kavaitolv UE-BS
Baowkn povada avabeong: Resource Block (RB)

Resource Block (RB): 12 subcarriers x 1 slot =12 x 7 RE
Xwpntkotnta 1 RB: 12x7x6bits(64QAM)/0.5 ms =1 Mb/s
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LTE avaBeon ywpntwkotntag - Freq & Time

ﬂi One Radio Frame = 10 ms 4”
l

1 ms | |

= Resource Block (RB) =1 Mb/s

) letr:s ot fet2 Jrrr PO EROE w - [ 20 MHz ddopa kavoAiot: 100 RB
P \ N > UVOALKN xwpntkotnta yia 20 MHz: 100 Mb/s
Frequency QPSK. 2bit = Kamowa RB eivatl dsopevpéva yia €éAeyyo (uplink RB
B N ree SQAM, ot allocation, Synchronization, Cell Search, Channel State
Bock, 1209 Ln;;)irnmg?’gfonagizls)t?flgcr:;tci)r\\/%r )uplink Random Access,
I § / " Avénon xwpntwkotntac pe MIMO, higher QAM, carrier
s < \ aggregation (multiple channels)
l - s = |TE advanced: 256QAM, carrier aggregation (up to 5
- — channels), 8x8 MIMO (4x4 in LTE)
Elements = AANyoplBuog avaBeong — TpexeL oto Base Station - not in
Af= 15KlLz the standard — “secret sauce” of vendor
7 subdarriers Time > Kwité 5iktua 56 - 46
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LTE avaBeon ywpntwotntac — Uplink (UL)

SC-FDMA (rtapopolo pe to OFDM mou xpnotpomoteital oto downlink)
* Pros: controls peak-to-average power ratio of signal (crucial for battery life)

* Cons:slightly less efficient (needs time guardbands)

BS scheduler avaBétel uplink (UL) RBs ota UEs (dtadopec maparrayeg): semi-persistent scheduling, UE
EVNUEPWVEL yLaL Ta Sedopéva Ttou €xeL pe Buffer Status Reports (BFS), UE {ntael RBs (Scheduling Request - SR)

* Scheduling Request to UE xpnotpomnotet ta Physical Uplink Control Channel -PUCCH (ouykekptpéva RBs/UL frame) yia va
{ntnosL RB

* Av bev €xeL PUCCH tote xpnotpomnolei to Random Access CHannel (RACH)
Random access: miBaveg cuykpoUoelg, av Sev umapxel cuykpouaon to BS otélvel ACK, dtadpopetika to UE nael oe random backoff

* To RACH xpnotluomoleital kot 0Ttav To KWvnTo EEKIVAEL 1) OTAV EXEL TIAPAELVEL AVEVEPYO YLa TIOAU XpOVO

BS petadepel ota Physical Downlink Control Channels (PDCCHs) (ouykekptpuéva RBs/DL frame) tnv
nAnpodopia avabeonc UL RBs otat UEs

Ta UEs xpetdletal cuyXpoviopo yla va petadwoouv UL
* Madl pe tnv avaBeon RBs to BS mapexel kat to timing advance- TA (€xovtag petprnost tnv kabuotepnon UE-BS)

* The BS petpasl tov RTT/TA xpovo otnv apytkomoinon RACH, peta cuvexilel va HeTpael teplodika to RTT / TA
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4G Quality of Service (QoS) Classes

Radio

I Sche‘quling /_\‘ Ve

N

(3GPP -23.203 Table 6.1.7: Standardized QCI characteristics :

= Evolved Packet System (EPS) bearer:
n Aoylkn ocuvdeon petaéL tou User Equipment
(UE) kat tou Evolved Packet Core (EPC)

= KaBe UE pmopei va €xeL moAANQ EPS bearers

" To 4G vAomolei d1ddopec KAAOELG TTOLOTNTOLG
urtnpeoia (QoS Class Identifier - QCI) kot kaBe EPS
bearer avnkeL o€ pLa KAAoN

Qcl Resource Priority Packet Packet Example Services
Type Delay | Error Loss
Budget Rate
(NOTE 1) | (NOTE 2}

1 2 100 ms 10 Conversational Voice
(NOTE 3)

2 4 150 ms 10 Conversational Video (Live Streaming)
(NOTE 3) GBR

3 3 50 ms 10°° Real Time Gaming
(MOTE 3)

4 5 300 ms 10 Mon-Conversational Video (Buffered Streaming)
(MOTE 3)

5 1 100 ms 10° IMS Signalling
(MOTE 3)

6 Video (Buffered Streaming)
(NOTE 4) [ 300 ms 108 TCP-based (e.g., www, e-mail, chat, fip, p2p file

sharing, progressive video, efc.)

7 Mon-GBR Voice,

(MOTE 3) T 100 ms 102 Video (Live Streaming)
Interactive Gaming

8

(NOTE 5) ] Video (Buffered Streaming)
300 ms 108 TCP-based (e g., www, e-mail, chat, fip, p2p file

9 9 sharing, progressive video, etc.)

(NOTE 6)

GBR = Guaranteed Bit Rate

Kwnta diktua 5G - 48

Release 8)




RAN Scheduler

= Allocation of RBs (RB: frequency block and timeslot) to bearers for DL and UL (DL is easier, focus on UL)
= |nput: Channel Quality Indicator (CQl) + QoS Class Identifier (QCl) + (estimated) UE queue size
= Channel Quality Indicator (CQl)
= UL: BS measures the SNR (DL: UE sends a CQl report to BS periodically e.g., msec, with observed SNR)
= The BS uses this to select modulation format
= QoS Class Identifier (QCl): each flow (EPS bearer) has a QCl value (maps to specific QoS requirements)
= Traffic demand estimation varies according to vendor and specific network deployment
= Buffer Status Reports: UEs periodically informs BS about its buffer size

=  UEs can send explicit requests to the BS -
= Scheduling algorithm: vendor specific H U ‘
H =

= Qutput: allocated RBs, e.g. for next Radio Frame (10 ms) l
ey T —

Allocate Resource Blocks {

from a set of subscriber queues

‘ ‘ ‘ } Select segments to transmit
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Kiwvnta Alktua

" Eloaywyn =" 5G
* |SLatEPOTNTEC OLCVPUATWVY (EVEEWV * Numerology/Radio frames
e [evieg kKuPeAOELOWV SIKTUWV e Cloud-RAN

" Padlodpdopa * 5G Core

" 4G LTE * Deployment options, slicing

e APXLTEKTOVLIKN
e Radio Access Network (RAN)
* Evolved Packet Core (EPC)
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Evolved Packet Core

: Base Station Mobile Core
0 d 5 AloxwpLopog
D et MME s PCRF control plane - data plane
D : SGW PGW Internet
User Plane === Control Plane

MME (Mobility Management Entity -MME):
* Kataypdadet kat dtaxelpiletal tnv Kvntikotnta, apakoAouBei tonoBeoia, ekteAel oeAlbomoinon, LETATTOUES KAl TIEPLAYWYN
* Ynootnpilel Aettoupyiec emunmedou eAgyyou yla Staxeiplon ouvedplwyv otov upnva, pubuwon data plane

HSS (Home Subscriber Server): Baon 6gdopévwy mou nepléxel TANpodopLeS YLt TOUG CUVOPOUNTEC KL UTINPEGCLEC
PCRF (Policy & Charging Rules Function): Epapuolel moAtikeég QoS kat kataypadel dedopeva XpEWONGS TWV CUVOPOUNTWVY
SGW (Serving Gateway): Mpow0Bel naketa IP amnod kat tpo¢ to RAN. AntoteAel tnv aykupa (otabepd onuelo) og petamourn)

PGW (Packet Gateway): 6popoAoyntrig-tUAn tou EPC, cuvbéeL to diktuo kwvntig pe Atadiktuo, Sivel IP dteuBuvoelg, NAT, firewall
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LTE entinedo dedouevwy: packet core

Application
Transport
P

e ———— "

Encapsulated

1

Ynpayyec (tunnels):

GTP-U GTP-U GTP-U
UDP uDP UDP
P P P
link link link
Physica Physica Physical
_= S
TS e u,@ [ LXH

base station
(BS)

S-GW

BS: evBuAakwvel to datagram tou
Kwwntou pe xpnon GPRS (General
Packet Radio Service) Tunneling
Protocol (GTP) peoa oe UDP ko 1o
amootéAAeL oto S-GW

Ynpoyya BS =2 S-GW: IP source
addr: BS, IP dest addr: S-GW

To S-GW mpowBel pe onpayya ta
datagrams oto P-GW

EUKoOAN utooTtRPLEN KVNTLKOTNTOC:
LLOVO TO TEALKO ONELO TNC
onpayyoc (BS) aAAdleL otav
LLETOKLVE(TOL TO KLVNTO
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LTE packet core: evBuAakwon

51 GTP tunnel 55 GTP tunnel

— |P packet
o 9 o o N GTP-U tunnel
Dst IP: 5-GW Dst IP: P-GW
Src IP : eNB Src 1P : 5-GW
TEID: UL 51-TEID TEID: UL 55-TEID
DstIP: Internet Dst IP: Internet Dst IP: Internet Dst IP: Internet
Src P : UE Src P : UE SrelP: UE Src P : UE

(a) from the UE to the Internet

51 GTP tunnel 55 GTP tunnel

e

g
— P packet
(1] I GTP-U tunnel

DstIP: eNB Dst IP:
Src 1P ; 5-GW Src P : P-GW
TEID: DL 51-TEID TEID: DL 55-TEID
DstIP: UE DstIP: UE Dst IP: UE Dst IP: UE
Src IP : Internet Src IP : Internet Sre IP : Internet Src P : Internet

(b) from the Internet to the UE

>npayyec (tunnels):

= Tunnel Endpoint ID (TEID) ekxwpeita
o€ kaBe User Equipment (UE)

= To TEID xpnowuomoteitat yto tnv
avtiotoiyton UE og onpayya GTP (avti
yla IP StevBuvoelc) oto eNB

=  Avtiotoua kat ota S-GW, P-GW

= To TEID &ival povncg katevBuvonc Kol
SlapopeTIKA YLOL TNV ETLKOWVWVioL eNB
ne S-GW kot S-GW pe P-GW
Apa: yla tnVv emiikovwvio UE pe to
Awadiktuo kat Atadiktuo pe to UE
xpeLlalovrtal cuvoAlka 4 TEIDs
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Metamounn (Handover) petaév BSs tou
KuPeAwToL OLKTUOU

To aALo (source) BS eA€yxeL tnv
@ rnototnta onuoatoc (SNR),

OUVOMLAEL pe aAAa BSs kot

eTLAEYEL TO VEO (target) BS, oteAvel

‘ uAvupa aitnonc HO oto véo BS

To veo (target) BS ekxwpet
xpovoBupidec/subcarriers,
avtarnokpivetal pe HO ACK

data path after
handover

@ To maAtd BS mAnpodopet to kivntd yia to véo BS

" To KLVNTO UIOPEL TWPA VAL OTELNEL LECOW TOU VEOU BS -
N Hetamopunn paivetal oAOKANPWUEVN OTO KLVNTO

@ To maALd BS otapatd va otéhvel datagrams oto Kwnto, avt' autol Ta powBel oto
veéo BS (mou ta nmpowbel 0To KIVvNTO HECW TOU ALCUPUATOU KAVOALOU
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Metamounn (Handover) petaév BSs tou
KuPeAwToL OLKTUOU

N~ "
5< (5
MME target BS

To veo BS emikowvwvel pe 1o aAo BS: n nopadoon oAokAnpwOnKe, 1o aALO
BS pnopet va aneAevBepwoel TOPOUC

~G @ To véo (target) BS evnuepwVeL TO
A

MME ot elval To véo BS yLa to Kivnto

© * To MME &iveL evtoAn} oto S-GW va
7 aAAAEEL TO TEALKO OnpElo TNC
onpayyac oto veo BS

@ Ta datagrams tou Kwvntou pEouV TwPA LECW TNE VEAC ORPAYYAC OTTO TOV VEO
BS oto S-GW
>npayya (tunnel): ta kwvnta €xouv ‘eminedec’ IP SteuBuvoelg (0L LepapXLKEC Le Baon to BS),
N mpowOnon MAaKETWY PETAEL Twv dpopoloyntwy Sev xpnotpomnolel tnv IP StevBuvon tou
KwnTtoUu aAAQ ylvetal pe tn onpayya (evBuhakwon kat xprnon S-GW kot BS IP addresses)....«c =



LTE entimedo 6edopevwv: ocuoxetion pe BS

data
plane

base station

@ To BS ekMEUMEL MPWTEVOV CAHOL CUYXPOVLIOMOU KABE 5 ms o€ OAEC TIC CUXVOTNTEC
= BS amno StadopeTIKoUC TTOPOXOUC KIVNTWV OLKTUWV EKTIEUTIOUV GHULOTO. CUYXPOVLIOHOU

@ To KLVITEO Bplokel Eva npwreuov onua ouvxpovmuou KOlL, OTN CUVEXELQ, EVTOTIL(EL TO
20 OO CUYXPOVIOUOU OE QUTA TN ouXVoTNTa

* TO KWVNTO OTn ouveXeLla Bpiokel mAnpodopiec mou petadidovrat armnod 1o BS: evpoc {wvng
KavaAlov, Stapopdwoelg, mAnpodopieg mapoxou
* TO KWVNTO pmopel va AaBeL mAnpodopiec amo noAAa BS, moAAd diktua KvnTAc tThAedwviog

@ To KvNTo emIAEYEL e tolo BS Ba ocuoxetiotel (m.X. mpoTiunon yLa owKLoko tapoxo)

@ Bripata yia €éAeyxo tavtotntog, dnuoupyla katdotaonc, pubulon enut. SeSopEvVwY
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LTE Kwvnta: kotaotaon avopovng (umvou)

data
plane

To KwvnNto pmnopel va maeL o€ katdotoon avapovnc/umvou (sleeping mode)
yla e€olkovopnon pratapiloac (onwc oto WiFi kat oto Bluetooth)

= eAadpuc uTtvoc: 100 msec adpavelog
= fuTtvaeL meplodika (100 msec) yia va eAeyéel yia downlink petadooelc
" BaBuc Umvoc: 5-10 deutepolemta adpavelog

= To KvNTO umopet va aAAaéel kupeAn kata tn StapkeLla tou Babu UTvou — TIPETEL
va amokataotabel n cuoxETon
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Kiwvnta Alktua

" Eloaywyn " 5G
* |SLatEPOTNTEC OLCVPUATWVY (EVEEWV * Numerology/Radio frames
e [evieg kKuPeAOELOWV SIKTUWV e Cloud-RAN

" Padlodpdopa * 5G Core

" 4G LTE * Deployment options, slicing

e APXLTEKTOVLIKN
e Radio Access Network (RAN)
* Evolved Packet Core (EPC)
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To 5G slval edw !

" >to)oC: 10x aavénon peyotov puBpou petadoonc bit, 10x peiwon tou
kaBuotepnong, 100x avénon tng e€umnpeToUUEVNC Kivnong ava T.1. oo To 4G
= 5G NR (new radio)
= AvUo neploxec cuyvotnNtwyv: FR1 (450 MHz—6 GHz) ko FR2 (24 GHz-52 GHz)

= FR2 ouyvotntec KUupATwy XIAlootol (mmWave): véec {wvecg (dev umnpyxav oe 4G, 3G)

vPnAotepoL puBuoL, HKPEC amootaoelc, pico-cells: dtapetpol kupedwv 10-100 m,
OTTOTE aralteitol podlkn & muKvA avantuén vewv otadbuwyv Baonc

" MMIMO & beamforming: moAAATAEC Kol KATEVBUVTLKEC KEPOLLEC

* Cloudification (Cloud-RAN, modular control plane)
= ‘Yraolpno’ tou basestation oe RU-DU-CU, centralization & commodity PC hardware
= ‘Iriaolpo’ tou eAEyxou o€ micro-services, Network Functions Virtualization (NFV)
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To opapo tou 5G

Capability LTE, 4G 5G Improvement

Peak Data Rate (Gbps) 1 20 20x

User Experienced Data Rate (Mbps) 10 100-1000 10-100x

Spectrum Efficiency Baseline 2%/ 3/ 5x 2x-5x
the International

Mobility (km/h) 150 500 1.4 Telecommunication Union (|TU)
provides the vision and the

Latency (ms) 10 1 10% requirements (International
Mobile Telecommunications-

Connection Density (#/km2) 10° 10° 10x IMT-2020)

Network Energy Efficiency Baseline 100x 100x 3GPP translates that to
specifications

Area Traffic Capacity (Mbps/m2) 0.1 10 100x
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EdapHoyEC Kal amaltAOELG

eMBB

Enhanced Mobile Broadband

Gigabytes in a second
3D video, UHD screens

mart Hom ildin
Seare Hotme/8u g Work and play in the cloud

Augmented reality

Industry automation

Self Driving Car

Smart City Mission critical
application

e.g. e-health

o

Ultra-reliable and Low Latency
Communications

Massive Machine Type
Communications

mMTC RS, URLLC

User Experienced

Peak Data Rate Data Rate
i Mbit,
(Gbit/s) High (Mbit/s)
eMBB 20 100

Area Traffic
Capacity
(Mbit/s/m’)

10

Spectrum
Efficiency

3x

100x 500

Network Energy
Efficiency

Mobility
(km/h)

mMTC

Connection Density Latency
(devices/km?) (ms)
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QoS in 5G

= Protocol Data Unit (PDU) session: avtumpoowreveL pat Aoyikry ouvdeon HeTafl evog
User Equipment (UE) kat tou koppoU 5G (5GC) kot pEpel pogc dedopevwy Ue
OUYKEKPLUEVEC amaltrioels Motdotntag Ynnpeotiag (QoS)

= 310 5G éva UE pmopel va €xel pia i mepltocotepec PDU sessions, n kaBepia évav i
neplocotepouc Radio bearer, o kaBEvag pia ) meploocotepeg poeg QoS
* kaBe por) QoS oxetiletal pe po tapapetpo 5Ql (eméktaon twv QCl oto 4G LTE, 1o mMoAAEG
KAQO€LG), n omola kaBopilel To mpodiA /anattrioslg QoS

= 310 4G to QOS eival ava EPS bearer, oto 5G ivat ava por) QoS

« NG-RAN > ! “ 5GC —":
] ]
UE | oNB i UPF E PDN
EZE Service #1 )
E2E Service #2 )
| L | | M |

PDU Session / Session ID
(\ Rodio Bearer \ /\ UP Tunnel \
( — QoS Flow / QF ‘ ) Service 1 IP Flow #1
] QoS Flow / QFI ) Service 2 IP Flow #1 ;
T r ]
]
} ﬂ Radio Bearer \\ } } '

L
QoS Flow / QFL || Service 1IP Flow #2 )
\/ L J N 7 / :
I [ T [ 1
I ]
I 1
I 1

:
Radio NG-U N6

5Ql (5G QoS indicator)
extends 4G QCI (QoS class indicator)

5Ql Resource | Default Packet | Packet Default Default Example Services
Value Type Priority Delay Error Maximum Averaging
Level Budget Rate Data Burst Window
(NOTE 3) Volume
(NOTE 2)
1 20 100 ms 102 | NIA 2000 ms Conversational Voice
GBR (NOTE 11,
NOTE 13)
2 (NOTE 1) 20 150 ms 10° | N/A 2000 ms Conversational Video
(NOTE 11, (Live Streaming)
NOTE 13)
3 30 50 ms 10° | NA 2000 ms Real Time Gaming,
(NOTE 11, V2X messages (see
NOTE 13) TS 23.287 [121]).
Electricity distribution
— medium voltage,
Process automation
monitoring
v . .o
5 Non-GBR 10 100 ms 10% N/A N/A IMS Signalling
NOTE 10,
NOTE 13)
6 (NOTE 1) N/A N/A Video (Buffered
60 300 ms 108 Streaming)
(NOTE 10, TCP-based (e.g.,
NOTE 13) www, e-mail, chat, ftp,
p2p file sharing,
progressive video,
etc.)
7 N/A N/A Voice,
70 100 ms 103 Video (Live
(NOTE 10, Streaming)
NOTE 13) Interactive Gaming
.
82 Delay- 19 10 ms 104 255 bytes 2000 ms Discrete Automation
critical (NOTE 4) (see TS 22.261 [2])
GBR
83 22 10 ms 104 1354 bytes 2000 ms Discrete Automation
(NOTE 4) (NOTE 3) (see TS 22.261 [2]);
V2X messages (UE -
RSU Platooning,
Advanced Driving:
Cooperative Lane
Change with low LoA.
See TS 22.186 [111],
TS 23.287 [121])
84 24 30 ms 102 1354 bytes 2000 ms Intelligent transport
(NOTE 6) (NOTE 3) systems (see
TS 22.261 [2])




Kiwvnta Alktua

" Eloaywyn =" 5G
* |SLattepotnTeC acuppatwy (eVEEWV  Numerology/Radio frames
e [evieg kKuPeAOELOWV SIKTUWV e Cloud-RAN

" Padlodpdopa * 5G Core

" 4G LTE * Deployment options, slicing

e APXLTEKTOVLIKN
e Radio Access Network (RAN)
e Evolved Packet Core (EPC)
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5G (NR) New Radio Numerology

= Numerology = parameter u defining the OFDM waveforms (subcarrier spacing)
= Subcarrier spacing: Af = 2* x 15 KHz (4G LTE: was always 15 KHz — u=0)
= Resource Block= 12 subcarriers (4G: same, but in 4G 12 subcarriers = 180 kHz, in 5G it

differs depending on p) ENCEE
0 15
1 30 '
/
i . 0 Fd
3 120 ""“:» |
el |
o LR
< S
_< 'y
| |
[ ™ N\
: e
= ~ )
e < <
= -
12 12x 5} 12x 2 12x |/
et 30kHz 1| gokHz 120kHz |\
(360kH2) [(720kHz) ﬁ (1440kHz)
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5G NR (New Radio) Radio Frame

= To 5G NR mAaiolo (frame) eivait 10 ms (i6to pe 4G) kat xywpiletal og 10
vrtormAaiola (subframes) to kaBeva pe dtapketa 1 ms (6o pe 4G)

* Ta untomAaiola xywpilovtal o€ slots, kaBe slot exet 14 OFDM symbols, n dtapkela
evoc slot opiletal amo to numerology / sub-carrier spacing 1 (4G: 1 subframe =2

slots, 14 OFDM symbols in 2 slots) e e (7
) |#01#1|#2|#3|#4|#5|#6|#?|#$|#9|
* Slot (=Subframe) duration=1/2*ms ——c—————
 Wu=0 (spacing 15 KHz): slot duration =1 ms (LTE) [w]w[r]wn]x= [,513513-,-|,a[.ml,.m'j;;.'{,;;|g1s! OFDM sub-carter spacing (15 k)
* u=1 (spacing 30 KHz): slot duration = 0.5 ms | S ] | OFDM sub-carier spacing (30 kHa)
 u=2(spacing 60 KHz): slot duration = 0.25 ms o1 (14 OFDM symboi) :
 u=3(spacing 120 KHz): slot duration =0.125 ms ]'—'swmml,rmm, | | e

1
| OFDM sub- spacing (120 kHz)

* 14 symbol/slot, symbol duration = slot duration/14 ~ — - 1L L |

Slot (14 OFDM symbols)

= RB =12 subcarriers (spectrum =12 x 2% x 15 KHz) x slot duration (=1 / 2*l ms)—>
ta RB €xouv ntavta ibLo spectrum x time epufoadov (=capacity)
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Flexible numerology

| slot |

fh

UE channel bandwidth

i3

2

" 240 kHz Numerology X Numerology ¥

4

Guard defined for Guard defined for

numeralogy X numeralogy Y

when transmitted when transmitted

across full UE across full UE
channel BW channel BW

1 ms

= Mépoc tou paopatoc/vnocVvolo Twv OFDM unokavaAwwy (subcarriers) oto (6o kavaAl
Utopel va xpnotuornolel éva numerology/subcarrier spacing kat aAAo HEPOC SLadpopeTIKO

" Yrtapyet npoPAnua tapepfoArwyv petatl OFDM subcarriers mou XpnoLUOTIOLOUV
dtadopetikd numerologies

* To 3GPP opileL guardband otig dkpeg Tou KavaAlol avaAAOyo LE TO XPNOLLLOTIOLOUEVO
numerology Tn¢ CUYKEKPLUEVNG AKPNG (To SutAavo KavaAl umopel va aviKel o€ AAAO TTApo)oO)

* To 3GPP 6ev opilel guardband pEoa 0to KOVAAL LETOEL TWV HEPWV HE SLadopeTikd numerology,
n xpnon guardband eivat vendor/operator specific



2uvouaouoc kavaliwy / numerology

Sub-Carrier spacing, e.g. 15 kHz 2" scaling of Sub-Carrier
Outdoor macro coverage ""“' Spacing (SCS)
e.g., FDD 700 MHz "'" "---
Carrier bandwidth, e.g. 1, 5,10 and 20 MHz

slot duration =1 ms

-» 4— Sub-Carrier spacing, e.g. 30 kHz
Outdoor macro and small cell

e.g., TDD 3-5GHz ‘""""““"l""_ — Carrier bandwidth, e.g. 100 MHz

slot duration = 0.5 ms

. 4- Sub-Carrier spacing, e.g. 60 kHz
Indoor wideband

= |
e.g., unlicensed 6 GHz ........... _________

slot duration = 0.25 ms

Carrier bandwidth, e.g. 160MHz

| Sub-Carrier spacing, e.g. 120 kHz

mmWave Y 7 Ty

e.g., IDD 28 GHz
Carrier bandwidth, e.q. 400MHz

slot duration =0.125 ms
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Maximum Channel Bandwidth FR1

= 4G: kKavaAL eupouc {wvng twv 1.4, 3, 5, 10, 15 kot 20 MHz, carrier aggregation (CA) 5 kavaAta pexpt 100
MHz, (u=0: 15 KHz subcarrier spacing)

= 5G: dvo neploxec ouyxvotntwv: FR1 (450 MHz—6 GHz) kat FR2 (24 GHz-52 GHz)
= FR1:5-100 MHz Twvn, u=0-2 (15 — 60 KHz subcarrier spacing), kavaAt 5,10,15...., 100 MHz
= FR2:5-100 MHz {wvn, u=2-3 (60-120 KHz subcarrier spacing), kavaAt 50,100,200, 400 MHz

53.2

The maximum transmission bandwidth configuration Nyg for each UE channel bandwidth and subcarrier spacing 1s specified 1 Table 5.3.2-1.

Maximum transmission bandwidth configuration

Table 5.3.2-1: Maximum transmission bandwidth configuration Ngg

SCS 5 10 15 20 25 30 35 40 45 50 60 70 80 90 100
(kHz) MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz
Nrs NrB Nrs Nre Nre NrB Nre Nrs Nrs Nrs Nre Nre NrB Nre Nre
15 25 52 79 106 133 160 188 216 242 270 NIA NIA NIA NIA NIA
30 A 24 38 51 65 78 92 106 119 133 162 189 217 245 273
60 NIA 11 18 24 31 38 44 51 58 65 79 93 107 121 135
53.3 Minimum guardband and transmission bandwidth configuration
The minimum guardband for each UE channel bandwidth and SCS is specified m Table 5.3 .3-1,
Table 5.3.3-1: Minimum guardband for each UE channel bandwidth and SCS (kHz)
SCS 5 10 15 20 25 30 35 40 45 50 60 70 80 90 100
(kHz) MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz
15 2425 3125 382.5 4525 5225 592.5 5725 552.5 7125 6925 NIA NIA NIA NIA NIA
30 505 665 B645 805 785 945 925 905 1065 1045 825 965 925 885 845
60 NIA 1010 990 1330 1310 1290 1630 1610 1590 1570 1530 1490 1450 1410 1370
NOTE: The nunimmm guardbands have been calculated using the following equation: (BWihama x 1000 (kHz) - Npe x SCS x 12) / 2 - SCS/2, where Nge are from Table
532-1
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Maximum Channel Bandwidth FR2

= 4G: kKavaAL eupouc {wvng twv 1.4, 3, 5, 10, 15 kot 20 MHz, carrier aggregation (CA) 5 kavaAta pexpt 100
MHz, (u=0: 15 KHz subcarrier spacing)

= 5G: dvo neploxec ouyxvotntwv: FR1 (450 MHz—6 GHz) kat FR2 (24 GHz-52 GHz)
= FR1:5-100 MHz Twvn, u=0-2 (15 — 60 KHz subcarrier spacing), kavaAt 5,10,15...., 100 MHz
= FR2:5-100 MHz {wvn, u=2-3 (60-120 KHz subcarrier spacing), kavaAt 50,100,200, 400 MHz

Table 5.3.2-1: Maximum transmission bandwidth configuration Ngre

SCS (kHz) 50 MHz 100 MHz 200 MHz 400 MHz
Nre Nrs Nre Nre
60 66 132 264 N.A
120 - 32 66 132 264

Table 5.3.3-1: Minimum guardband for each UE channel bandwidth and SCS (kHz)

SCS (kHz) | 50 MHz | 100 MHz | 200 MHz | 400 MHz
60 1210 2450 4930 N. A
120 1900 2420 4900 9860
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EUpoc (wvnc ekmopnng/ANYnc Ktvntou

= To UE ekméumnet/Aapfavel os €va pepoc touv daopatoc (bandwidth part - BWP) gvoc
kavaAlou New Radio otnv uplink kait downlink katevBuvon

= H tomoB£tnon tou evpouc {wvng eknmounne/ AnPng touv UE péoa oto kavaAl sival
EVEALKTN

= Carrier Aggregation: to kaBe UE umootnpilel ekmoumnn/ANPn oc SLapopeTIKEC TLEPLOXEC
ToU (6Lov KkavaAlov 1 og SLapopETIKA KAVAALLL

Chanmed Bandwidth | Mz |

= O UE dev xpelaletal va yvwpilel To OUVOALKO
gVpoc (wvng Tou KavaAlou tou BS ) mwe to BS
KaTaVELLEL TO eVpoC {wvnc oe dladopetikouc UE

| Transmissiom Bandwidth Configuration M. | RB|

i
| Transmais

I

I

I

| TREMTHS ST

| | | Bandwidih [RE]|
I

I

I

ol Edge
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RAN - ZtolBa mpwTtokOAwWV

Muobile Core
Control Plane

B = m| >toifa mpwtokOAwvV Tou Basestation
User Plane TIOPOUCLACHEVN OpL{OVTLO CaV [La
«oAvoidar» enefepyacioc mMakETwy

RRC

Other Base Stations Other Carrier Frequencies
(for Handover or (for Multi-Carrier
Link Aggregation) Transmissions)

gNB — next generation Node Bearer — the Basestation in 5G

RRC (Radio Resource Control): pUBuion tou User Plane (emtinedo xpriotn-6edopuévwy), dtemadn pe core control
» Enimedo eAéyyou (6ev emefepyaletal maketa User/Data plane)

PDCP (Packet Data Convergence Protocol): cupmnieon/anocuumnieon, kpuntoypadnon, npootacia OLKEpOLL(')Tr]TOL;

RLC (Radio Link Control): Tunpatomnoinon, cuvappoloynon, afloniotn petadopad /enaveknournr (Hybrid ARQ)

MAC (Media Access Control): mpoécfaon oto kowo péoo, buffering kat avaBeon nopwv (FDM/TDM) o€
TPAYHATLKO XpOVO

|
JaAe7 yun -z

PHY (Physical Layer): kw&wkomoinon kot dtapopdwaon
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Cloud (or Centralized) RAN (C-RAN)

H Aettoupylkotnta tou RAN omael kol propet va katovepnOel o dtadopeTikEC ToMoBeoieC
(LEXPL TO 4G OAec oL Aettoupyieg ekteAovlvtayv oto Base Station)

Atoxwplopog tou RAN

Kevtpikn povada(Central Unit - CU)
Katavepnuévn povada (Distributed Unit - DU)
Padio povada (Radio Unit - RU)

Mobile Core
Control Plane

g oI | Ta RRC kat PDCP avadepovtat cuviBwg wg
Hpbleore 5 m CU-C (control) kot CU-U (user), avtiotolya

RRC

User Plane
ENTRAL UNIT DISTRIBUTED UNIT
Cl C [

Split-RAN processing pipeline distributed across a Central Unit (CU), Distributed Unit (DU), and Radio Unit (RU).

ra
]

OvopatoAoyia cuvdeopotntac/diemadpwv
HETAEL TWV pHovAdwV:

- RU-DU: Fronthaul

- DU-CU: Midhaul

DU DU DU bu
T? TT T T T T - CU - Mobile Core: Backhaul

! . , . . ) ) Kwnta diktua 5G - 73
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C-RAN architecture

Backhaul

Core

BBU

Fronthaul

= CU: mepthapPavel ta RRC, SDAP, kat PDCP, high L2 (Data Link layer), eitvat urteuBuvo yla Tig
AELTOUPYLEC ‘U ipaypaTIKoU xpovou’ (Bpoyxoc eAgyxou > 100 msec)

Backhau

CuU

CPRI

DU

RRH

4_______

eCPR

RU

Fronthaul

= DU: mepthapfavetl ta RLC kot MAC (low L2-Data Link), kat pgpog tou L1 (high L1-PHY),

Aettoupyiec ‘mpaypatikol xpovou’ (Bpoyxoc eAcyxou <10 msec)

4G

5G

= RU: petadoon/AqPn Twv aocUPpUOTWY CNUATWY OO KoL TTPOG TNV Kepaia, avaloyikn/Ppndiakn

Hetatponn, xapunAotepo puEpog tou L1 (low PHY), kaBwc kot Asttoupyia tou beamforming

 E8ko hardware

= To CU kat to DU eival software ko pumopet va tp€€ouv o€ server yevikoU okomou (COTS)
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Functional Splits

RU DU CcuU

o —

| Data |

o0 e
OPTION 8 OPTION7 OPTION 6 OPTIONS5 OPTION4 OPTION3 OPTION2 OPTION 1

CPRI eCPRI

Split 7.2X RU A

|
yData ¢,

LAYER 3 FUNCTIONS

= Atddopec emiAoyEC Staxwplopou (amelkoviletal n emikpatéotepn yla to RU: 7.2 split)

* EvéladEpov kupiwg yia tnv emihoyn dtaxwplopol RU-DU: kaBe emhoyn npoodEpel dStadopetiko trade off petalv
KEVTPLKOTIOiNoNG (LElwaon KOOTOUC, cuvepyaoia ) Kot SIKTuakwy avaykwy (xwpntikotnta, kaBuotépnon) yia tn
pnetadopad kivnong petafl Twv povadwv RU-DU (fronthaul)

= [Tpotuna amnod O-RAN

= Oivendors mpoTtipoUV Kuplwe tat RU 7.2X kat 7.3 (uTtomeputtwoelg Tou option 7)
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Evolved CPRI yia petadopa fronthaul kivnonc

= Evolved Common Public Radio Interface (eCPRI): diemadn yia e€untnpetnon fronthaul kivhong
uetaL RU-DU, mpotumo tou popoup CPRI

= ArtoteAel e€€MEn tou CPRI (RF-PHY split, petedpepe radio 1/Q data, constant bit rate) yia ta

kavoupyLa functional splits (petaBAntoc puBuoc, BeAtiwon amodotikotntog)

" Yriootnpilel i) petadopa user data pe ocuykekpipuevo eCPRI format, ka ii) bedbopévwyv ouyxpoviopou

(rt.x. PTP 13 SyncE) kat control & management (rt.x. SNMP) péocw yvwoTtwVv MPWTOKOAAWVY

" Ontoloodnmote TUMo¢ SIKTUOU UMopPEL va xpnotpornolnBel yla tn petadopd, edpoocov mANPoL TLg
amALTAOELS (avoTNPES: LPNAR XWPNTIKOTNTA TAENCS Gbps katl xapunAn kabuotépnon taéng 100 us)

Service Access Point

eCPRI Radio Equipment Control (eREC)

User Plane  Sync Control

& Mgmnt
eCPRI Standard
specific Protocols

Transport Network Layer

Transport Network

eCPRI Radio Equipment (eRE)

Control
User Plane Sync & Mgmnt

eCPRI Standard
specific Protocols

LU

CPRI

Common Public Radio Interface

Transport Network Layer
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Software defined (SD)-RAN

= YAomoinon cUpdpwva PE TS apXEC Twv AlkTUwv Mpoypappatilopevwy pEow NAoylopkou (SDN)

= O €AeyX0C TWV OPWV TNS aclpuaTnG petadoonc xwpiletal ota dvo
* Scheduler / MAC (in DU): control loop <10 ms, channel estimation, frequency/time (RB) allocation
* Near-real time RAN Intelligent Controller (near RT — RIC, uhomotei to CU-CP): control loop 100ms-1s

Includes a control plane proxy: a 3GPP-compliant way for the RAN to interface with Mobile Core’s control plane
* To near-RT RIC mpoodEpet API yia tov €Aeyxo peéocw Aoylopikov tou RAN (Sivel tn Suvatotnta
vAomoinong eboapuoywv)

CU-CP RRC . _ 1 -
A 5 & 2 = 4 E w g
4 N a g ] ~l- O »s e
2 =N LY 1] B3N gl
i g 4 E g,
Mobile Core o & 48 ] g g S- E ?;.U ":E“r
Control Plane ; N ._ug- ¥ B
8 " - g ~ll S

Control Signals

To/F | : w
Mobile S:‘:ices CU-UP DU : Near Real-Time RAN Intelligent Controller (RIC)
1 1 1
) R-NIB: 'ne 'on
Mobile Core . D/A RF S L e B0 = Session Information
User Plane Bl Conversion Front End i@ ; i
i Y

Base Station Real-Time Control (MAC Scheduler)

R-NIB: Instantaneous CQI Values

Other Base Stations Other Carrier
(for Handover or Frequencies
Link Aggregation) (for Multicarrier

Transmissions)



Kiwvnta Alktua

" Eloaywyn =" 5G
* |SLatEPOTNTEC OLCVPUATWVY (EVEEWV * Numerology/Radio frames
e [evieg kKuPeAOELOWV SIKTUWV e Cloud-RAN

* 5G Core
* Deployment options, slicing

=" Padlodpaopa
" 4G LTE

e APXLTEKTOVLIKN
e Radio Access Network (RAN)
* Evolved Packet Core (EPC)
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4G EPC Control and User Plane Separation

e M e - = MME (Mobility Management Entity -MME): Kataypadn
, - Kal Slaxeiplon TN KvNTIKOTNTA, LETATIOUTEC, pUOULON
D f(g\ ! == data plane
SGW — PGW —-
. ean = HSS (Home Subscriber Server): Baon debopévwy pe
EPC before CUPS mAnpogdopieg ouvdpountwy
o) Pane G = PCRF (Policy & Charging Rules Function): Edpapuolet
| TIOALTIKEC QOS Kal XpEwon
T M?"E -| HSS PCRF ‘ = SGW (Serving Gateway): NpowBei maketa IP anod kot
! l o nipo¢ to RAN. Artote)el tnv aykupa (otabepod onueio) oe
| -~ 1SGW-C --|PGW-C "~ UETATIOUTTES
fﬁ\ | I .
é = PGW (Packet Gateway): 6popoloyntric-muAn tou EPC,,
AN e S - Sivel IP dteuBuvoelg, NAT, firewall

EPC after CUPS

Control and User Plane Separation (CUPS) oto 4G — (SDN yiwa 4G)

PGW kot SGW ornave og Control ko User plane
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Cloud Aettoupyia

Otav oL Aettoupyieg eAeyyxou dltaxwplotouv amo to eninedo 6€SoUEVWY TOTE UMOPOUUE VAL
TLC ToTtoBetioov e o€ SLapopPEeTLKEC PUCLKEC TOTIOOEDLEC

Central Cloud
Edge Cloud (e.g., Central Office)
H55
Central Unit
: ar DU/RU
PCRF MME i () R Control
” . - . Plane
: ; cu-c
PGW-C SGW-C DU/RU
. . : User
E \....—...-..—..-....-..--..-..-..-.-...-.....-...-.--..-.........-E é P|‘-‘nc
IR Y. ................. oo .
-
PGW-U SGW-U cuU-U

Internet

Multi-Cloud implementation, with MME, HSS, PCRF and Control Plane elements of the PGW and SGW running in a centralized cloud.

= Auvatotnta TomoBETNONC TWV AELTOUPYLKWY TUNUATWY EAEYXOU OE pLOL LEYAAN UTTOAOYLOTLKA
urtodoun pe moAAoug topoug .. Central Cloud

" O CUYKEVTPWTLOMOC e€0LKOVOUEL KOOTOC, SLEUKOAUVEL TNV EPappoyn EEUTTVWV TIOALTIKWY KAl TN
ouAAoyn kot avaAuon dedopévwy amo ToAAEC TomoBeoiec — kKOUPBoUC
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4G to 5G Core

MME --| HSS PCRF
; = -~ MME - WSS PCRF

) (P NRF
D A sew | pew - [PDN| SMF § AMF |[AUSF|uDM| | PCF
UE  RAN '

NEF ,

EPC before CUPS : L7
Control Plane . e NSSF |-- SGW-C ~--- PGWE}'

UserPlane @ : ] SMEF
~--1-MME L- Hss | | PcRF D 7N\ | :

i : A7 SGW-U — PGW-U

| --2SGW-C ~- PGW-C ~ UE AN UPF B m

fr™\\

| |
D A— SGW-U — PGW-U - 4G-5G CN functions mapping

EPC after CUPS

=  SMF (Session Management Function): establishment, modification, and termination of user plane sessions in 5G core

=  AMF (Access & Mobility Management Function): managing user authentication, authorization, mobility, and sessions in 5G RAN

= AUSF (Authentication Server Function): Authenticates UEs

= UDM (Unified Data Management): Manages user identity, including generation of authentication credentials and access authorization
= S/UDSF (Structure/Unstructured Data Storage Function): Used to store structured/unstructured data (unstructured ex.: key-value)

= PCF (Policy Control Function): Manages the policy rules for the rest of the Mobile Core CP

= NEF (Network Exposure Function): Exposes selected capabilities to third-party services, and so is similar to an API Server

= NRF (Network Repository Function): Used to discover available services (network functions), similar to a Discovery Service

= NSSF (Network Slice Selection Function): Manages how network slices are selected to serve a given UE
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5G core

Base Station Mobile Core

O 5G Kopuocg Kwvntrg, tov omoio to 3GPP kaAetl Next
NSSF  PCF NRF NEF UDM  SDSF  UDSF Generation NG-Core, ULOBETEL Yilol APXLTEKTOVLKI UE
: ' ' ' ' : : microservice mou amoTteAeital amo AETOUPYLKA
urtAdok (functional blocks)

R AMEF SMF AUSF
UPF
User Plane - Control Plane

=  SMF (Session Management Function): establishment, modification, and termination of user plane sessions in 5G core

=  AMF (Access & Mobility Management Function): managing user authentication, authorization, mobility, and sessions in 5G RAN

= AUSF (Authentication Server Function): Authenticates UEs

= UDM (Unified Data Management): Manages user identity, including generation of authentication credentials and access authorization
= S/UDSF (Structure/Unstructured Data Storage Function): Used to store structured/unstructured data (unstructured ex.: key-value)

= PCF (Policy Control Function): Manages the policy rules for the rest of the Mobile Core CP

= NEF (Network Exposure Function): Exposes selected capabilities to third-party services, and so is similar to an API Server

= NRF (Network Repository Function): Used to discover available services (network functions), similar to a Discovery Service

= NSSF (Network Slice Selection Function): Manages how network slices are selected to serve a given UE .
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Modules vs Services

Reference Point Architecture (RPA) Service Based Architecture (SBA)

Nnef Npef Nudm Naf
F - - - éNaUSf h‘mf Nsﬁmr

N4
N3 N6
NG

= eMBB, mMTC and URLLC €xouv moAU S1apopETIKEG ATALTOELG TTOU SeV UmopoUV va LKavoroLnBoUv amo Lol LovoALBLKA apXLTEKTOVLK,
T0 5G Core mpemeL va elval EUEALKTO KOlL VOL UTTOPEL VAl KALLOKWVETOL aveEaptnTa yia TIG SLopOPETLKEC EDAPUOYES

= Service Based Architecture (SBA) avtikaBiotd ta Network Elements oto Reference Point Architecture (RPA) pe Network Functions (NF)
* KaBe NF mapéexel untnpeoieg oe aAAa NF, dev umtdpyel povo €va network element ywo 6Ao 1o diktuo

= OdéAn SBA
* Emutpenel NFs va ektedolvtal aveéaptnta Kal va avtodlaxelpilovral xwplic va emnpealouv To €va to aAAo
* Emutpenel tn dnuoupyla unmnpeotwv ouvBETovTacg Kat evopxnotpwvovtog NF

* EUKOAOTEPN QVATTUEN VEWV UTINPECLWV KAl AELTOUPYLWY, KABWE Kot SUVALLKH KALULAKWONE TwV MOPpWV Toug He Baon tn {Rtnon
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NFV and MANO

Network Function Virtualization
Infrastructure (NFVI)

= QOperation/Business Support
System (OSS/BSS)

Anuoupyia umtnpeowwy, Slaxeipon
neAatwy, TIHOAOYnon

= Element Manager (EM)

AwayelpileTal Ko EAEYXEL EVOL LELOVWUEVO
VNF, dtaodpaAilovtag Tn owoTth Toug
Slapopdwon, mapakoAouBel kat
Slaxelpiletal opaAparta

= Virtual Network Functions (VNF)

Nettoupylieg Siktuou mou Baoilovtal og
AOYLOULKO KoL TpEXouv o commodity HW

= Network Function Virtualization
Infrastructure (NFVI)
H unokeipevn unodoun HW (compute,

storage,network) mou €ival elkovomolnuévn
yla va urtootnpiget tnv ektéAeon VNFs

—+— Main NFV reference points - ==k = Other reference points

&——= Execcution reference points

MANO
! NFV Management |
NFVI ‘; and Orchestration i
Os-Ma |
- 0SS/BSS | NV |
. : { | Orchestrator !
’ : B |
| ] i
! 'w {Or-Vnfm—+ i
o i i E
! EM 1 EM2 EM 3 ! f I |
. {Ve-Vnfin |
T H i L :-—+——e . m: YNF |
o ' ] L ; i | Manager(s) :
o : | i
o VNF 1 VNF 2 VNF3 |i - Nl
- n 5 Vi-Vnfm—+  Or-Vit |
T e S e S i |
I NEVio | !
‘= NFVI F— VIM(s) i
Virtual Computing, Storage, Network j B E

MANO (management &
orchestration)

Aettoupyieg kat Stadikaoieg yla tn dlaxeiplon kat
TNV EVOPXNOTPWON ELKOVIKOTIOLNUEVWV TIOPWV
KOLL UTTNPECLWY

Virtualized Infrastructure
Manager (VIM)

Ataxelpiletal tov KUKAO {WNG TWV ELKOVIKWY
nopwv o évav NFVI: dnuiloupyel, dtatnpet
KO KATOLOTPEDEL ELKOVIKEG UNXOVES (VM) amo
duaoikoug mopoug og éva NFVI

VNF Manager (VNFM)

Awaxelpiletal tov KUKAO wn¢ Twv VNF:
dnuoupyel, dtatnpet kat teppatilet VNFs

NFV Orchestrator (VNFO)

AlayelpileTal KoL EVOPXNOTPWVEL TOV KUKAO
{wn¢ twv VNFs: avamntuén VNF, KAludkwon,
napakoAouBnon kot Snuoupyiag aluvoidag
unnpecwy, SltaopaAilovtag anoTEAECUATIKA
KQTAVOLLN) TTOPWV Kall CUVTOVIOUO otnv NFVI
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5G in edge and core Cloud

wiosewm | TOL TUAWLOTO/GUVAPTAOELS EAEYXOU TOU 5G
~ 2 = L core eKTEAODVTOL WC ELKOVIKEC SIKTUOKEC
q @ ?¢F§ = > Fan | _f°”’“f: ouvaptoelc (virtual network functions -
P~ 1 == | VNF) o€ Cloud untoSopéc (commodity
é ﬁ ﬁ y 1 VNIFZ 13 B HW) xpnotwpomnolwvtag to MANO yla va
\ NFVI L 1S - TLC SLOXELPLOTEL KOl EVOPXNOTPWOEL

o——a Execution reference points

Ot Aettoupyiec 5G Core UP kat CP kot ot (TeAKEC)
epappoyec (6ev pmopel va ekteAeotel mpLv amo to 5G
Core UP) pmopouv va ektedolvtal o€ SLadpopeTka
onueia oto Cloud (Edge r; Core Cloud)

Edge Cloud for 5G: MEC - Mobile (or Multi-access) Edge
Computing

Elbika yla meputtwoelg xpnong URLLC, eival onpavtiko
va £xoupe to Core UP kat tnv edappuoyn (server side)
Kovta otov teAdtn (User Equipment)
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5G User Plane Function

\

Application

PDU Layer
UE's IP

UE".

https://derekcheung.medium.com/5g-core-part-3-user-plane-and-gtp-u-tunnels-524666db2948

NR-Uu,

AMF

SMF

SBA control Plane

Any Internet IP adr
e.g. 192.0.2.10/24

(overlay)

DN [e.g., Internet)

UE/Server Traffic
)

&
N3 GTP-U MN&
1020.31.10/24  10.20.31.3/24 192.02.3/26  192.0.2.10/24
Underlay) {Underlay) [Underlay) [Underlay)
UPF
PDU Layer
i

! i

; : :
SDAP GTP-Ui GTP-U L3, NE P

i AN TEID Tunneled CN TEID DL Overiay Address

i ' PDU packets | traffic detéction- - - - - —--—-—— -

] i ) P

e over UDP o with PDR, UL IP

PO UEEREIEER - =2 oo oo UDP = 2152 forwardinel

A ! N3 IP UPF N6 P

i gNBN3IR Addres UPFN3IP | 192.0.23
RLC: L3 [Underlay IP)---~--~------- L3 (Underlay IP)

10.20.31.10 10.20.31.3 |

MAC! L2! Lz I

r I

J' H L

PHY Lk - L1 L1
; ; 2 K Ns

gNB UPF

D

Applicatjon
'

Edge Routety
Server P |
DN N& IP |

192.0.2.10}
X

L1 I.r

) _I_Z)l_\l_/_':‘r'érver

5G UPF Znpayyec (tunnels):

= To datagram tou KwvntoU eVOUAOKWUEVO LE XPrioN
GPRS (General Packet Radio Service) Tunneling
Protocol (GTP) kal amootéAAetal péoca o UDP
datagram oto UPF

= EUKOAR umootAPLEN Kvntikotntoac yia tor UEs mou
gxouv ‘eminedec’ IP SLeuBUVOoELC (OXL LEPAPYLKES LE
Bdaon tnv tonoBeoia / BS)

Access & Mobility Management Function: Staxeiplon eAéyxou mpooBaong, KIVNTIKOTNTAC KOl
ouvedpLwv

Session Management Function: eykatdotaon, Tpomomnoinon Kal TEPUATIOUOC CUVESPLWY
oToV Tuprva Tou 5G diktuou

Service Data Application Protocol: avtiotoixion makétwv og QoS flow ID

Packet Data Convergence Protocol: oupmieon kedpaAidag, kpuntoypadnon

Radio Link Control: api@unon, tunpatonoinon/ cuvappoloynon mokETwY, afLlomiotn
petadopa dedopévwv HARQ (Hybrid Automatic Repeat reQuest)

Multiple Access Control: mpdoBaon oto Kowo péco, avabeon xpovoBupidwv/ cuxvotnTwy
Tunnel Endpoint ID: ekxwpeital oe kaBe User Equipment (UE), xpnowomnoteitat ota gNB kat
UPF yla va avtiotowel onpayya GTP og UE (avti IP SteuBuvoelg)
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5G User Plane Function

|'nr|p-n|n1'ﬁ Access Metwork ngﬁ Metwork Core Metwork

}l

r.i-:l.‘dpcr e =

LI iy
VIPE: Lhsser Plarss Frarmtice P Iy I

. f o
rv— | €5
i | ~
- ) i o : » | SMF
i 1A . e |
i Sliced per service M
. . \ EH [0 LT —
ﬁ N3 : : : NG MG /-‘3
L

0 .~ NB l-UPF S e BV it Metwark UE SG-AN/gNB I-UPF UPF PSA

- / ¢ Ancher (PEA o N3 NS Né

D D : MEC-RAN C-RAN Agplication : : :

PDU Layer i E PDU Layer i

i NIV/ : Nﬂjy/ E SGUP i

- i S6GUH | i

Intermediate UPF (I-UPF) Reins Gieu || GrPU eapeatior] | | Encapsulation [

5G-AN D Ll > - A =.

Uplink Classifier (UL-CL) (directing flows to PL'-:S":GI Protocal il ; il UDPAR : SEHAP |

specific data networks based on traffic matching Layers L2 _.'_ L2 L2 i L2

filters), in other terms, a branching point 1 _!_ 1 11 ] R :

5G User Plane Protocol Stack, employing 5TP with 5G header extensions
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Kiwvnta Alktua

" Eloaywyn =" 5G
* |SLatEPOTNTEC OLCVPUATWVY (EVEEWV * Numerology/Radio frames
e [evieg kKuPeAOELOWV SIKTUWV e Cloud-RAN

" Padlodpdopa * 5G Core

. 4G LTE * Deployment options, slicing

e APXLTEKTOVLIKN
e Radio Access Network (RAN)
e Evolved Packet Core (EPC)
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5G deployment options

: EPC (4G) : 5GC (NGCN)
------ e B
- (®) {C) | (@)
A [ o|ojojojojolo) | '
iS!.miJluru_-;u : O —— : ggggggg : ggggggg
eeed ) ) ———
: eNB EPC : gNB 5GC : ng-eNB 5GC
l; Option 1: SA : Option 2: SA NR connected to 5GC I Option 5: SA LTE connected to 5GC
______ o —E, e EE—— . = -—-——————mm e e ke e, e s s -———————-
() @ =
( 3 ) [NE-DC) ( 7 D
NSA ng-eNB

(Non-Standalone)

;U‘ml Conne 'Ll'.ut‘,r]

E‘rption 3: NSA LTE assisted NR
gNB connected to EPC

Option 4: NSA NR assisted LTE
ENB connected to 5GC

Option 7: NSA LTE assisted NR
connected to 5GC

= Auvateg eTAOYEC eykataotaonc/ouvumnapéng 5G kot 4G

= O kaBe mapoyoc (avaloya pe 1o npoimnapyouv diktuo 4G mou €L Kal Tov puBbpo eykatdotaonc 5G
KEPOLLWV KOl TTUPAVOL) ETUAEYEL LLOL OTTO QLUTEC

* umopel va Kavel S1adopeTIKEG ETILAOYEC 0 SLadOPETIKEG TomoBeoieg ri/kat var aAAAEEL ETULAOYN UE TNV ndpo&oKtou %(pévgé) .
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RAN and Core placement scenarios

4G Radio
0SS/BSS
Backhaul o internet (e [ichasing | ([ Assirenee
./
Automation & Orchestration
v Subscriber Management Elements

-
£
Fi ~
-~ T D Do
' [
b
I

A

-

__________

Control Plane

Core
L
CAME s e N N

IT Data Centers and Cloud
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Tunpatomnoinon Atktuou — Network Slicing

= H tpunuatonoinon Awktuou - Network slicing eival Baoukn ylo tTnv mpaypatonoinon twv
UTtOOXECEWV TOU 5G Kot urtootnpen unnpeocwwv URLLC, eMBB, mMTC

= To 6iktuo Slatpeitat o moAAamAd ‘slkovika diktua’ ou kahouvvtat slices

= Slice: éva armouovwuEVo amo AKPO O AKPO ELKOVLKO SikTuo

KaBe slice e€umnpetel Eva cuykekpLUEVO oevaplo xpnong (use case) N evolkiaotn (tenant),
oL amatnoeLg Twv slices pmopouv va StadpEPouv GNUAVTIKA LETAEV TOUC

* [la nmapadelypa, €va slice pmopel va adpopd amokAELOTIKA Kivnon i) autovoun odrnynon, éva aAlo ii) tnAedwvia KATT, evw
OTO OEVAPLO TIOAAOTIAWYV «EVOLKLOOTWV» slices pmopouv va uobwBouv oe StadopeTikoUC SLaXeLPLOTEC SLKTUWV

[ seran | [ 5G Core )
V2X Network Slice Instance
Designed for low latency, critical communication m Eva U E unopei VO OU HI—lETéXEL o€ T[O)\)\d SI ICES (uéxpl- 8)
Ll | I J 1 . I 14 14 14 I4
(( )} Voice Services Network Slice Instance . Eva Sl ICE€ unopg'l' va EXEL T[O)\)\a U E O€ eva n
Designed for low latency voice and signalling, with guaranteed QoS TIE p Lco-é-[ € p o B S S
UE \ J
= [ ] |
s S Metering N k Slice |
% Large numbers o?::::ne;fdnggviczts‘?;rw dalt‘;eregiti?:rgznts and minimal
S network activity J
\

Q J & J
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Slicing — under the hood

RAN Core

CU-UP & AMF selection
based on

[EASSN g puack ) B R

SMF selection UPF selection
based on based on

Common NF

Alice 1:
eMEBER

i
5]

Appl

App2 | NSSAI#2 | —

MWW Slice 2:

URLLC i '
EN 3

= Lot URLLC slices eivat onuavtikd to UPF ko app
server va €ilvoll 0€ ULKPI amooToon oo TOUC XPNOTEC

(1 km propagation ~=5 ps latency, 20 km propagation ~= 100 ps)

KaOe slice pmopel va €xeL 1o 51kO TOU
user plane pipeline

Ta DU/CU eival otnv ibLa tonoBeoia yia
oAa ta slices amo to 16to RU/BS

Ta tuApata tou core (UPF & control)
uropel va eivat Stadopetika yia Kabe
slice kat va ekteAoUvtal o€ SLaPOpPETLKO
nepoc (Edge or Core Cloud)

CU-UPF Siadopetika tunnel / slice

Massive loT

Slice

URLLC Slice & | CU | Core-UP] App | Core-CP

Edge Cloud Central Cloud
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Slicing — under the hood

YAomoinon

RAN Core

CU-UP & AMF selection
based on

SMF selection UPF selection
based on based on

Common NF

Ali:e 1:

eMBB

Fi
]

Appl

App2 | NSSAI#Z | —

MWW Slice 2

URLLC i '
EN 3

* Y10 RAN oxetileTal e TOV XPOVOTIPOYPOAUUATIOMO TWV SLABECLUWY TTOPpWV: oTNV amodaon
avaBeon RBs og UEs

e Jto Core, oxetiletal pe TNV VAomoinon SdladopeTikwy microservices, TNV KALLAKWON TWV
OTLYLLOTUTIWV TOUG KOIL TNV TOTIOBETNON TOUC 0TOUC SLABECILOUG UTTOAOYLOTLKOUC TTIOPOUC
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Slicing oto RAN

= O tepaxLopog (slicing) pumopet va yivel pe tnv mpooBeon evog eninmedo elkovomoinong petagv tou scheduler
Kot Twv Resource Blocks (RBs) *
* To ocuvoAo Twv IpayuHaTikwy (puoikwyv -physical) RB omael o umto-cUvoAa elkovikwy (virtual) RB, to
kaOeva Eva urtoouvoAo Sivetal o€ €va slice
» 2 enineda avabeonc: oto npwto eninedo o slice scheduler avtiotolxel anattrioslg kivnong (tou slice
Tou) ota kA Tou ekovika (virtual) RB, oto deUtepo eninmedo o hypervisor avilotolxet Ta elkovika RBs
o€ ¢puotka (physical) RBs

* [lapopola ELKOVLKOTIOINON YLVETAL KOIL € UTTOAOYLOTLKA cuoThpata (Staxwplopog mopwyv nou dtatibevtal og
XPNoTn amod tnv anoddaon yla To moLlotl puoLKoL TTOPOL TOU EKXWPOUVTAL TIPOYUATLKA)

" Agv UTIAPXOUV TIPOTUTIA (Ta TTOPATIAVW £ival pLa iBavn vAormoinon) — Omwc Kat ylo toug schedulers — n
vAomoinon enadietal otov vendor

E H u E H E Noapadelypa Staxwplopou twv physical RBs og 2 urtooUvoAa {oou

peyEBouc yua 2 slices. O scheduler mou oxetiletal pe kaBe
slice/oUvolo elval eAeUBepoC va ekxwpel ta Sika tou Virtual RB
------ Virtual RS to Pysica RS OTOUG XpNoTec aveéaptnta amo tov aAAo. O hypervisor

'--‘\ Mapping ) |
ouvOuaAleL TIC amoPpAoELG TOUG.

EEEEEENEER . , , , , , ,
EEEEEEEEEE Resource Block: H pikpotepn povada mopwv (xpovog, ¢pAacua) mov Unopei va
HEER

EEEEED avatebel og €va xprnotn

Physical RBs
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Slicing — 5G core

3GPP deployments using network slicing .”@
(@) B G -
N o) ~) e b [la TNV uTtooTHPLEN
D -) slicing mépa ano to RAN
NRF ) Sico! el amatteitat kat slicing tou

=L POU
o 5
sy

[ \\/'\
PCF SEGHI0N .
A . ) = - onz ) Mobile Core
W e Common NF siices #1 & #2 U_—SE—’/}R’\

Slice #3

To Slicing Tou Mobile Core pmnopei va mteptAappavet

= YAomnoinon UPF pe kat@AAnAoug unxoviopouc QoS katl KatdAANAn TomoB£Tnon ToUC OTLC CUCKEUEG
* TLY. LETOYWYELS / SpopOAOYNTEC: KAVOVEC TPowONoNC KAl EKXwPNong eVpouc {wvng oL UPWVA LE TIG ATIALTHOELG ToU slice

= YAomoinon kat@AAnAwv control functions / kKAtpakwon / tomoB£tnon toug katdAANAa oTig SLOOECIUEC CUOKEUEG

* Edge cloud: tomoBétnon kat KALLAKWoN Twv containers mou uAomolouUVv Ta microservice pe apketo CPU & storage yla va
umootnpifouv TIg Aettoupyieg Tou avtiotolyou slice

" AloxwpLlopog n/kat dtapolpacpog functions avaioya pe ta slices Kwnté Siktua 56 - 95



I6LwTKA 5G dilkTua

On-Prem Off-Prem

= ATtOKAELOTLKO SikTtuo 5G yla pa emxeipnon /
OPYOVLOHO

Small Cell

 Factory automation, transport industry, electrical =
power, AR, etc N i| ;lﬂ?..
= Small cells, 6Ao to biktuo peoa otnv &d i i cdge low
emeipnon (on-premises) n/kat o€
rioA\amnAéc TornoBeoiec (multi-location) fee Centaiclou

* TomLkOC €EAeyxoC 1] cuvOUAOHOC ToTtLkoU Kol armopakpuopevou (Cloud) eAgyyxou
* TOTILKOC TEPUATIONOC EPapoYNC 1 KiEN ToTtikoU Kal amopakpuopévou (Cloud) teppatiopol
* Local to satisfy low latency (URLLC) and sensitivity

= Licensed, unlicensed, shared spectrum
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Backup
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SC-FDMA

|—>f e —> Y
G )
. N- . M- f
2 point Subcarier point | | £~ Al DAC/ | \,\
- DFT apping IDET a CPIPS RE
—I—h oV W o
Channel
J” "y - N R
0 ; o |
f N- Subcarrier M- ! /l/
Detect 2 point Demapping/ point 2 «Removelg SE'J:(I:
o IDFT <_L Equalization DFT o
e —
“N<m SC-FDMA: ) +
* S-to-P: Serial-to-Parallel
OFDMA: O

* P-to-S: Parallel-to-Serial

Peak to Average Power Ratio - PAPR

0 OFDM has inherent robustness to radio-channel delay spread

but also suffers from High peak-to-average power ratio

=]
JPower-amplifier in-efficiency

no
. 4
PAPRof 10 dB means that for transmitting an average power
of 0.2 W, the transmitter should be able to handle power
peaks of 2.0 W {10 time higher). The result is a very low
efficiency or in other words: high battery power consumption.

&

A

Sequence of 0PSK data symbols to be transmitted

m E

QPSK modulating
data symbo's

OFDMA SC-FOMA
Data symbols occupy 15 kHz for Data symbols occupy M*15 kiz for
one OFDMA symbol period 1/M SG FOMA symbol periods

UENCY

, : SC-FDMA
Fig.1. Comparison between OFDMA and SC-FDMA

requency

OFDMA
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OFDM Generation

SC-FDMA vs. OFDMA OFDM(A) T

a1l Amplification ___
b_01 e
Mo1110001 E%_
4_00 t
o_01
A

Almdn t

ﬂ.ﬂ. Ampiification &
b, detect ﬂe-mod\fmun
1101110001 detect
— g detect,
ddetect \J
o detect

A

-hcdn ]

.

OFDMA transmits a data stream by using several narrow band sub-carriers
simultaneously

In theory, each sub-carrier signal could be generated by a separate
transmission chain hardware block.

Inverse Fast Fourier Transformation (IFFT) is applied (from the frequency
domain to lime domain).

This represents the same signal as would have been generated by the
separate transmission chains for each sub-carrier when summed up

LTE P — SC-FDMA Generation
Downlink OFDMA and Uplink SC-FDMA T ——. -y

IFFT| A Amplification

L—12x15K=180KHz:| Frequency

.

12x15K=180KHz

Multiple Subcarriers Single Carrier
Resource Block Resource Block

.

Power-amplifier 1101110001
efficiency is less =
critical at base-

station side - ]

- - 1A A A4
4 Lt o1 A A4 AL
. s
oFD'N‘A D) i | kg A

No detoct ——~ c.—01
Equalizer | i | 410 ED&URAU—D_Y
1101110001
SC-FDMA — L L
Equalizer,
/M\/ l-_b‘n_-!c_!‘

e))
>
>
>
->
>

>
-

> SC-FDMA first runs an FFT over the groups of input bits to spread them
over all sub-carriers and then uses the result for the IDFT which creales the
High efficiency power- time signal.

amplifier is critical in
terms of power
consumption (battery
life) and uplink range

While SC-FDMA adds additional complexity at both the transmitter and

receiver side, the 3GPP standardization body has decided for it to reduce

the Peak to Average Power Ratio (PAPR). This is important to lower the

power consumption of mobile devices. Kwnta diktua 5G - 99



	Slide 1
	Slide 2: Προηγμένες Αρχιτεκτονικές Δικτύων
	Slide 3: Κινητά Δίκτυα
	Slide 4: Ανάπτυξη κινητών επικοινωνιών
	Slide 5: Ανάπτυξη κινητών επικοινωνιών
	Slide 6: Ανάπτυξη κινητών επικοινωνιών
	Slide 7: Ανάπτυξη κινητών επικοινωνιών
	Slide 8: Κινητά Δίκτυα (Mobile Networks)
	Slide 9: Χαρακτηριστικά ασύρματης ζεύξης (1)
	Slide 10: Χαρακτηριστικά ασύρματης ζεύξης (2)
	Slide 11: Χαρακτηριστικά ασύρματης ζεύξης (3)
	Slide 12: Πως χειριζόμαστε τα λάθη
	Slide 13: 4G/5G κυψελωτά δίκτυα
	Slide 14: Χαρακτηριστικά επιλεγμένων ασύρματων προτύπων
	Slide 15: Εξέλιξη κυψελωτών επικοινωνιών
	Slide 16: Εξέλιξη κυψελωτών επικοινωνιών
	Slide 17: 3GPP standards
	Slide 18: Κινητά Δίκτυα
	Slide 19: Ηλεκτρομαγνητικό φάσμα
	Slide 20: Αδειοδότηση φάσματος
	Slide 21: 3GPP - 5G channels, and US/DS multiplexing
	Slide 22: High vs low frequency
	Slide 23: 5G coverage vs capacity 
	Slide 24: 5G spectrum repurposing
	Slide 25: Κινητά Δίκτυα
	Slide 26: Αρχιτεκτονική κυψελωτών δικτύων
	Slide 27: 2G GSM (φωνή) - Αρχιτεκτονική
	Slide 28: 3G και 4G αρχιτεκτονικές
	Slide 29: 4G LTE αρχιτεκτονική
	Slide 30: 4G LTE αρχιτεκτονική
	Slide 31: 4G LTE αρχιτεκτονική
	Slide 32: 4G LTE αρχιτεκτονική
	Slide 33: 4G LTE αρχιτεκτονική
	Slide 34: LTE: διαχωρισμός επιπέδου δεδομένων και ελέγχου
	Slide 35: Κινητά Δίκτυα
	Slide 36: LTE Radio Access Network (RAN)
	Slide 37: Ανίχνευση και διόρθωση σφαλμάτων
	Slide 38: Αναμεταδόσεις Hybrid Automatic Repeat reQuest (HARQ)
	Slide 39: LTE RAN: ανάθεση χωρητικότητας
	Slide 40: LTE φάσμα καναλιού
	Slide 41: Carrier Aggregation (CA)
	Slide 42: Κυψέλες - επαναχρησιμοποίηση συχνοτήτων
	Slide 43: Κυψέλες με τμήματα
	Slide 44: FDM vs OFDM
	Slide 45: LTE ανάθεση χωρητικότητας – Freq & Time
	Slide 46: LTE ανάθεση χωρητικότητας - Freq & Time
	Slide 47: LTE ανάθεση χωρητικότητας – Uplink (UL) 
	Slide 48: 4G Quality of Service (QoS) Classes
	Slide 49: RAN Scheduler
	Slide 50: Κινητά Δίκτυα
	Slide 51: Evolved Packet Core
	Slide 52: LTE επίπεδο δεδομένων: packet core
	Slide 53: LTE packet core: ενθυλάκωση
	Slide 54: Μεταπομπή (Handover) μεταξύ BSs του κυψελωτού δικτύου
	Slide 55: Μεταπομπή (Handover) μεταξύ BSs του κυψελωτού δικτύου
	Slide 56: LTE επίπεδο δεδομένων: συσχέτιση με BS
	Slide 57: LTE κινητά: κατάσταση αναμονής (ύπνου)
	Slide 58: Κινητά Δίκτυα
	Slide 59: Το 5G είναι εδώ !
	Slide 60: Το όραμα του 5G
	Slide 61: Εφαρμογές και απαιτήσεις
	Slide 62: QoS in 5G
	Slide 63: Κινητά Δίκτυα
	Slide 64: 5G (NR) New Radio Numerology
	Slide 65: 5G NR (New Radio) Radio Frame
	Slide 66: Flexible numerology
	Slide 67: Συνδυασμός καναλιών / numerology 
	Slide 68: Maximum Channel Bandwidth FR1
	Slide 69: Maximum Channel Bandwidth FR2
	Slide 70: Εύρος ζώνης εκπομπής/λήψης κινητού
	Slide 71: Κινητά Δίκτυα
	Slide 72: RAN - Στοίβα πρωτοκόλλων
	Slide 73: Cloud (or Centralized) RAN (C-RAN)
	Slide 74: C-RAN architecture
	Slide 75: Functional Splits
	Slide 76: Evolved CPRI για μεταφορά fronthaul κίνησης
	Slide 77: Software defined (SD)-RAN
	Slide 78: Κινητά Δίκτυα
	Slide 79: 4G EPC Control and User Plane Separation
	Slide 80: Cloud λειτουργία
	Slide 81: 4G to 5G Core
	Slide 82: 5G core
	Slide 83: Modules vs Services
	Slide 84: NFV and MANO
	Slide 85: 5G in edge and core Cloud
	Slide 86: 5G User Plane Function
	Slide 87: 5G User Plane Function
	Slide 88: Κινητά Δίκτυα
	Slide 89: 5G deployment options
	Slide 90: RAN and Core placement scenarios
	Slide 91: Τμηματοποίηση Δικτύου – Network Slicing
	Slide 92: Slicing – under the hood
	Slide 93: Slicing – under the hood
	Slide 94: Slicing στο RAN
	Slide 95: Slicing – 5G core
	Slide 96: Ιδιωτικά 5G δίκτυα
	Slide 97: Backup
	Slide 98: SC-FDMA
	Slide 99

