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5G o type of communication

Enhanced Mobile Broadband

Gigabytes in a second

3D video, UHD screens

Smart Home/Building Work and play in the cloud

Augmented reality

Industry automation

Voice —— Self Driving Car

Smart City —— Mission critical
application
e.g. e-health
Massive Machine Type Ultra-reliable and Low Latency
Communications Communications
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Requirements for Different 5G
Use Cases

EM BB E\M A
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A 4 Throughput Latency B Reliability
45 U-high 15-200 ms  Medium
Q
=
Qn
=
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= Immersive 360
— Throughput Latency B Reliability
UL: U-high /DL high 50-100ms  Medium/higl
b = LTE-Advanced
Mobile Tele-Operation
(Vehicle and drone)

eMTC with massive

number of devices

Throughput  Latency B Reliability
Low 10-100 ms  High

Throughput Latency B. Reliability
Varies 1-10ms  Very high

Industry robotics and
automation

Throughput Latency B. Reliability ES
Varies 1-10ms  Very high URLLC

Latency
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LTE vs 5G/ services

LTE 5G
Mobile Broadband 1 Ghbit/s capacity 10-20 Gbit/s capacity, peak 100x
loT NB-l0oT Rel 16 Longer Battery Life

Mission Critical Limited Support Ground -Up design




~5G Use Cases and type of

communication

Services:
. eMBB t Extreme Mobile Broadband
- mMMTC - Massive Scale Communication
- URLLC ¢ Ultra-Reliable Low Latency Service

Type of communication:
- Human to Human
- Human to Machine
. Machine to Machine

13
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5G otype of communication

1 e aa

Human to Human Human to Machine Machine to Machine

=

eMBB Soar b

Broadband Vigeo Calling

Virtual Meeungs

wearabies Soctal

Massive NeTWOrking
mMTC Scale
Communication

URLLC iy
Service
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From Silos to a Common Core for All

Heterogeneous Access:
A4G UE
A5G UE
AWI-Fi UE
ACPE-5G FWA

Voice:
. Common Core ¢t IP Multimedia Subsystem (IMS)
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" 5G Casesaccording ITU

A Enhanced Mobile Broadband ( eMBB). eMBB is the most obvious extension of LTE
capability, providing higher speeds for applications such as streaming, Web access,
video conferencing, and virtual reality. Highest speeds will occur in small cells with
limited movement speed of end users, such as with pedestrians.

A Massive Machine -Type Communications ( mMTC ). Massive machine-type
communications extends LTE Internet of Things capabilities| for example, NB-1oT|
to support huge numbers of devices with lower costs, enhanced coverage, and long
battery life. As shown in the ITU objectives, below, 5G will support ten times as
many devices in an area as LTE.

A Ultra -Reliable and Low -Latency Communications ( URLLC). Of the three categories,
URLLC enables wireless applications never before possible. Driven by high
dependability and extremely short network traversal time, URLLC, also referred to
EUw? OFELUPBUBEEO? wEOOOUOPEEUDPOOUOWPDPOOwWI OEE
control, new medical applications, and autonomous vehicles. This category is also
referred to as critical machine -type communications ( cMTC).

16
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NGMN 0 5G Network Slicing

A Next Generation Mobile Networks (NGMN)

é\Software Defin-ed Ne.twork.ing-(SDN) iR A

A Network Functions Virtualization (NFV) '

A Control and User Plane Separation (CUPS) @@ Neln
& e
3 P
3 @
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NGMN 0 5G Network Slicing

gNB-DU | gNB-CU-UP 1
CPU+ MEM sliced (sliced)
, Beaml1l — 2%
UPF UPF
UE | !
(sliced) (sliced)
Free gNB-CU-UP 2 -
9 82 % (sliced) -

(sliced) (sliced)
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" Server & Net Virtualization Analogy

Application Application Application [ Workload ) l Workload J L Workload
%86 Enviroment L2, L3, L4-7 Network Services
’ Virtual Virtual 1 ‘ Virtual Virtual Virtual Virtual |
Machine Machine Machine Network Network Network ‘
\‘ ) | | | ) Decoupled J |

Requirement: x86

Requirement: IP Transport

1 1

|

Physical Network
Physical Compute, Memory and Storage



ﬁlcal & Net Vlrtuallzatlon

_____________________________________________________________ e Ind ot
: y N Software Vendors
VA VA VA
_ Virtual | VA .Vi il
. Appliance  Virtual
. ‘ Appliance Applianlc_:b-er ,
Message Firewall Session Border WAN T N —
Router Controller Acceleration Orchestrated, automatic
: and remote install
Deep Packet Content Carrier  Tester/QoE
- Inspection Delivery Grade NAT  Monitor
Network
Provider
: Edge Radio Access
SGSN/ GGSN Router Network Nodes
* Fragmented non-commodity hardware. Standard High Volume Ethernet Switches
» Physical install per appliance per site.
» Hardware development large barrier to entry for new vendors, Network Virtualization Approach

constraining innovation and competition.
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5G radio frequencies o New Radio

The air interface defined by 3GPP for 5G is known asNew Radio (NR)
2 frequency bands, FR1 (below 6 GHz) and FR2 inmWave), each with different capabillities.

Frequency range 1 (< 6 GHz)

A The maximum channel bandwidth defined for FR1 is 100 MHz, due to the scarcity of
continuous spectrum in this crowded frequency range. The band most widely being used for
5G in this range is 3.34.2 GHz.

Frequency range 2 (> 24 GHz)

A The minimum channel bandwidth defined for FR2 is 50 MHz and the maximum is 400 MHz,
with two -channel aggregation supported in 3GPP Release 15The higher the frequency, the
greater the ability to support high data -transfer speeds.

21
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Flexible Radio Scheduling

A
A
A

exible symbol length
exible bandwidth
exible CP length
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OFDM

Orthogonal Frequency-Division Multiplexing

Subcarriers

Time

Channel width

B Client 1
Client 2
I Client 3
B Client4
Client 5

Client 6
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OFDMA

Orthogonal Frequency-Division Multiple Access

Subcarriers

Time

Channel width

B client 1

Client 2

I Client 3
B Cient 4
Client 5

Client 6
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OFDM x OFDMA

Orthogonal Frequency-Division Multiple Access
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Carrier Aggregation

A UMTS/HSPA+ - 2 downlink carriers may be assigned to one user since Release 8.
Release 10 supports fourcarrier aggregation and eight-carrier-aggregation is
supported since Release 1Xktandardized carrier aggregation for HSPA+ for the
uplink for up to 2 component carriers since Release 9

A LTE/LTE-Advanced - channel bandwidths of 1.4 MHz, 3 MHz, 5 MHz, 10 MHz, 15
MHz and 20 MHz, 4x4 MIMO

A5G low-band with a 5 G mid-band can improve mid -band coverage by up to 7dB
extending the cell coverage area by up to 2.5 times and increasing the population
that can be supported by the mid-band by up to 25%. The higher available capacity
means that more traffic can be offloaded on to mid-band 5G -which uses spectrum
more efficiently than 4 G-, leading to an overall capacity increase of 27%.

A 5G low-band with a 5 G high-band can improve high -band coverage by up to 10dB
extending the high-band cell coverage area by up to 3.7 times. The extended mid
band and high-band coverage also enables a greater offload of traffic from the lower
bands to the mid and high -bands providing a higher throughput at the cell edge.

27
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Carrier Aggregation

Rel-8 LTE

,’_—-~\\,’——-‘\\,’_—-\\\,’—-—\\\ ,’—-_‘
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Rel-10 LTE-A: 2 x 20 MHz (later 5x20 MHz)

20 MHz | 20 MHz} 20 MHz‘izo MHz}'LZO MHZ'! oo 5

""""

v

Rel-13 LTE Advanced Pro: 32 x 20 MHz = 640 MHz bandwidth

20 MHz | 20 MHZz | 20 MHZ | 20 MHZ [ 20 MHZ |  ------ 20 MHz | 20 MHz

Vv

New Radio: 16 Component Carriers of 100 or 400 MHz - X GHz bandwidth

100or400MHZ | | h

V

V

Fq
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Carrier Aggregation

Intra-band aggregation

From ReleaselO (contiguous component carriers)

Band 1 Band 2

Intra-band aggregation
(non-contiguous component carriers)

Band 1 Band 2
Inter-band aggregation

Band 1 Band 2
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4G LTE vs 5G NR

MME

MME

SGW

SGW
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Core Network and Radio

Gen 2,5G 3G 4G 5G
Home Register HLR HLR HSS AUSF/UDM
Mobility management MSC/VLR MSC MME AMF
DN GW user plane GGSN GGSN PGW-U UPF
DN G W control plane N/A N/A PGW-C SMF
Gateway - user plane SGSN SGSN SGW-U |-UPF optional
Gateway - control plane N/A N/A SGW-C SMF
Radio controller BSC+PCU RNC N/A N/A
Base station / Radio BTS Node-B eNB gNB (NR)
Police & Charing PCRF PCRF PCRF PCF
AAA N/A N/A AAA AMF
Wi -Fi access N/A N/A ePDG N3IWF
Network Slicing N/A N/A N/A NSSF

/
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4G EPC R8with PCC

UE

Wi-Fi AP
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5G Architecture

%

Wi-Fi AP
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Service Based Architecture (SBA)

|

: :

I |

/I_ ________________ l
// Message Bus
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Mobile Switching Serving GPRS Support Gateway GPRS Support Home Location
Centre (MSC) — Node (SGSN) - Node (GGSN) - Register (HLR)

[ Equipment ] | catfo‘n ]

Register (EIR) Centre (AuC)

‘Policy and Charging Home Subscriber
. Rules Function (PCRF) ] Server (HSS)

.‘g y e e * o > = 3 = ~‘. 'L- 3 -4‘-‘ '
% [ Serving Gateway Packet Data Node | ‘ Trafic Detection i
§ (S'GW) Gateway (PDN-GW) FUnC"on(TDF)

o -

3 . r— L y

g [ SGW-C ] [ PGW-C ] [ TOF-C ] z

Session Management User plane ~ Policy Control " Authentication Server
Function (l_JPF) Function (PCF) Function (AUSF)
Access and Mobility | [ Unified Data ’
Management Function (AMF) Management (UDM)

Function (SMF)

[Diagram Legend (O] Control Plane [ User Plane (] Control + User Planes A (partially) becomes B ]

* Optional 5G core network functions are not presented in this figure.
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Service Based Architecture (SBA)

essage Bus

36



/

|
5G FWA a 5G

Service Based Architecture

(SBA) Interfaces

4G/5G UE [
(t0 ¢ (|
- ol || 2 h G
m-o L}
eNB MME IWF || AMF SMF
| . L]
= >\ i E
& VH x| %
5G FWA oNB —I-UPF E UPF
Air Interface / Fronthaul / Midhaul 1 MEC : Backhaul : Core Compute Cloud
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5G
Core

SMF: Session Management Function
UPF;: User Plane Function

MRF: NF Repository Function
MNS5F: Network Slice Selection Function PCF: Policy Control Function

E NSSF AUSF ubDm
7]
2
= \'sz NL‘! r-m/ N10
£ ~ | AN
‘E AMF |——nN1le— SMF NT PCF }—ns—— AF
S /
o
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: / / >
£ UE RAN N3 UPF | e o
: L]
o NSSF MEF NRF PCF UubDmMm AF
=1
E | I [ |
= Mnsst Mnet Nnrf Mpet Nudm Mai
.E I | I | ] | | Message Bus
<l Mausf Mamf l'-.lslrnl'
- I I 1
@
a AUSF AMF SMF
£
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fé Nl/ r.!z Nld
g Ve i |
AMF: Access & Mobility Management Funetion MNEF: Network Exposure Function UDM: Unified Data Function

AUSF: Authentication Server Function



N
| —

Policy and Charging Control
e |

Input sources for PCC decision
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Distribution of Session Policies 5G
| PCF

PCC Rules

QoS Profiles SDF Templates

o @) S

—J QoS Rules
UE gNB
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Access and Mobility Management (AM)

Policy Association created
at 5G Registration

o e

Access and Mobillity Policies Control

PCF

AMF

Session Management (SM)
Policy Association,
Created at PDU Session Establishment

SMF

5G Policy Associations
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5G Architecture

%

Wi-Fi AP
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From 4G to 5G

/

(P
=]

Long Term Evolution
(LTE)

LTE NR
<(( Il
5G New Radio (NR)

VAT

Option 1 (Existing LTE)

Option 4

5G Architecture Options

;IJ 1u||

Option 3
(NR Introduction)

Option 5

Option 2
(End Game)

Rysavy Research — Wireless Technology Analysis

AW ,..Jﬂ«ul.w

I\

Hrum
T

WI
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From 4G to 5G

| = o EPC

" \TE

Standalone LTE under EPC
(option 1)

Non-standalone LTE and NR
under EPC (option 3)

= [ o —
[ B oo
((iég)f NR ((z’)' LTE
Standalone NR under 5GC Standalone LTE under 5GC
(option 2) (option 5)
[ = o w— [ # o m—
((}g)} NR ((g) LTE @Y 11E ((g)} NR
Non-standalone NR and LTE Non-standalone LTE and NR
under 5GC (option 4) under 5GC (option 7)
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From 4G to 5G
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Mobile transformations

Intensifying Role of Wireless Communications

A Access to vast amounts of new spectrum (including unlicensed)

A Small cells ready for mass deployment

ANew network architecture + NVF, SDN, network slicing, Mobile
edge computing

A Artificial intelligence and machine learning

46



——
|

Propustnost r 8di oV(
Al OOUaUawUl wUOAEUOUNI wedbwEUOUO
Al UOx UUUOOUU wO & EDubly/Ekm¥E]a U G w
A" UUUOU E[@&lidndd O w

~ ~ L Vd N

A2 x1 O0U& OOpiuskay&e@ OOU U w

bit/s/km2]  [Cell/km?] (H] " T lbit/s/Hz/Cell]

Throughput  CellDensity AwvailableSpectrum  Spectral E f ficiency
= *

47



H—
/ —
Jak zvIigit spektr 8§l

A Shannont Hartley theorem
ACtOEXEEDPUEWOEOaOU g
ABtj al OEwXéUC)EC:BIng(1+N)
ASN¢ x OOuUwUDPI O0a0Ouwj UO

ReceivedSignal Power

log, (1 + )|bit/s/Hz/user]

Inter ference Power + NotsePower
4 bit/s/Hz > 8 bit/s/Hz & OE Ol Dvaawhy g wyYn 00O
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MIMO and Beam -Forming

array with 4 dipoles
with J/2 spacing




MIMO o Phased Array
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SISO a MIMO sl I g Ot

- -

Single-input and Single -output (SISO)

MIMO
A Singe-user MIMO (SU -MIMO)
A Multi -user MIMO (MU -MIMO)
A Cooperative MIMO (CO -MIMO)
A Massive MIMO

Multiple Input — Multiple Output (4 x 4 Example)
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Massive MIMO

A) EOWOOEwWOEUDPYOay
At wUl OUOUa w Ut Bu928uD)
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Massive MIMO

Synchronization and
broadcast signals
(beam sweeping)

o
——
o

FOOP S0,
T LLLALLL LAY
aEssLTRER BN

Beam acquisition for UE
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LLLAT L L2 Y
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MIMO
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Mass
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64 TX + 64 RX 5G MUMIMO ant
suitable for Massive MIMO
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MIMO and Smart antennas

Smart antennas:

AThrough higher -order MIMO and beamforming, smart antennas
gain added sophistication in each 3GPP release and are the
primary contributor to increased spectral efficiency (b 1t/s/Hz).

A Massive MIMO, beginning in Release 13, will support
16-antenna-element systems and in 5G, will expand to hundreds
of antenna elements.

58
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Cooperative MIMO

A Coordinated Multipoint
AFixed Relays
AMobile Relays

o
¥

e s
IR
R %t s SO
¥

(c)

Figure 1. Three types of cooperative MIMO schemes in celitda

CoMP; b) fived relay; ¢) mabile relay

r svsier

s a

)
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Coax vs Fiber -connected Antenna

Copper-connected Antenna Fiber-connected Antenna

\\ Remote radio head N’A Remote radio head (RRH)
\ (RRH) placed in cell site .:\ placed next to antenna

cabinet Digital radio over fiber
/ (D-RoF)} from antenna to cell
/ site cabinet
¥

| »

Cellsite cabinet Cellsite cabinet
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From coax feeder to fiber

1990 2004 :

, 2020 !

X ' [x]> :

X l | '

] |
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2 2 ' 2 l

) ol I8 g P g P

BS 8 2 2 . 8 l
GSM 900 g .
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RRH & Active Antenna ultiband
Makro BS Radio Server 2 Bands 4:: MIMO : mw‘vt:f:omm " 4x4, mlﬁ"gm :
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Antenna evolution 0o New Radio

Passive Antennas:
A Generation 14 BTS¢ single omni antenna or sectors, coax from BTS to ant
A Generation 1,5¢ BTS +NodeB, combiner, more sectors, cross Polarized

A Generation 24 NodeB 1 fiber fronthaul one RRH, 2x2 MIMO, Cross
Polarized

A Generation 2+ NodeB ¢ fiber fronthaul more RRH, 4x4 MIMO, Cross
Polarized

Active antenna:
A Generation 3¢ 64 Element FD-Mimo
A Generation 44 Massive MIMO

62
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FWA 0 Fixed Wireless Access

A Point to Multipoint
A Substitution of ADSL, VDSL, SDSL6 w. x UPE U
A FUP¢{ Fair User Policy ?

A5G user data rates: experienced 100 Mbit/s, peak 20 Gbit/s
A 6G user data rates: experienced 1 Gbit/s, peak 1 Thit/s

63



Coverage , Bandwidth , Latency

High capacity

hotspot/ dense
h bands rban
(24 Hz 48 GHz) A
Bt M“
(3.5 GHz - 7 GHz)
oo T M‘l
(1 GHz - 2.6 GHz2)
Low bands
Moderate
Wide area/
outside-in

Coverage* Bandwidth* Latency* coverage
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5G Capacity

Capacity
High bands
* (24GHz - 48GH2)
s New High capacity dense
urban/localised

Mid bands TDD deployments
* (2.3GHz - 6GH2) 4
« Legacy
Low bands FDD
* (1GHz - 2.6GHz) |
¢ Legacy

pCeTty Moderate capacity

wide area/

Lo bands Wide Area outside-in coverage
* (Sub- 1GHz)
« New/Legacy

Coverage
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5G FWA Coverage

Frequency Coverage Throughput
700 MHz N Excellent Poor
3,44 3.8 GHz Y Good Good

24 254 27,5 GHz Y Poor Excellent
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5G NR 0 Frequency Range 2

FR2 / aud0d) 606 OO FRQ [GHz] §al OEwxaUuUC
n258 26 K-band 24,25¢ 27,50 50, 100, 200, 400
n257 28 LMDS 26,504 29,50 50, 100, 200, 400
n261 28 Ka-band 27,50¢ 28,35 50, 100, 200, 400
n260 39 Ka-band 37,00t 40,00 50, 100, 200, 400
n259 41 V-band 39,50t 43,50 50, 100, 200, 400
n262 47 V-band 47,20t 48,20 50, 100, 200, 400
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n257 n260

26.5-29.5GHz 37.0-40.0 GHz
(n261is asubset)

n258 n262
24.25-27.5GHz 47 .2 -48.2 GHz

n259

39.5-43.5GHz (planned in e.g. Europe)
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5G FWA res8lI n® par ail

Latence 11ms
-5aEaO|OOUUw"/$wOEw 4 WEOwhiwOO
. Download 900 Mbit/s / Upload 300 Mbit/'s/ YA EOUOBd wx OE O4g O
. Download 900 Mbit/s / Upload 150Mbit's/ EOEU®6 wx OEOg O0a
. Download 500 Mbit/s / Upload 100Mbit/'s/ | x E8 O&Wa OO a
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6 GHz spectrum

Today, 6 GHz spectrum is used by cable operators for distribution of
services, radars, and dedicated microwave communication links.

. 6 GHz band covering 5,928 7,125 GHz

. The combination of 2,4; 5 and now 6 GHz potentially creates
over 1 GHz of spectrum for 5G use.

. 5G NR-U Specified in Releasel®6.
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6 GHz Harmonizace

5wl YUOXxUOEOwWxUOUOOUUWOOOPUI u

N N Pa Ll ~

| EUOOODAEEDWRYMG4L5GHZ2 OO0 wk

Yw42 Ow*EOEEUWEwW! UEAaaOPbPwUI u
x a U O,9ra#k7,125GHz
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5 GHz, 6 GHz a 7 GHz

Heavily utilized. NR-U requires harmonious coexistence with Wi-Fi
and LTE/LAA using comprehensive listen before talk (LBT) technigues.

5.150 GHz
5.250 GHz
5.350 GHz
5.470 GHz
5725 GHr
5.850 GHz
5.925 GHz

unused

, ]

I(U-NII-I U-NIl-2a  U-NII-2h U-MI-2¢ -MI-3 U-NII-;I
5 GHz Band e
LW 250mW  1W 250mW

- 6 GHz Band

| >

LI-NI1-5 o U-NI-6 U-MNII-7 LU-NII-8

¥

+ T
0 G|
U

A K
<t L
Tl o

Greenfield band. An automated frequency controller (AFC) is required for é E
outdoor operation (U-NII-5 and 7) while energy detection is used indoors. ; o
o M~

EU 5925¢ 6,425GHz USA 5,925¢ 7,125GHz
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6 GHz harmonizace
6 GHz Channels in United States & Europe/CEPT

[\ =Low Power Indoor (LPI) Only
= LPI & Automatic Frequency Coordination (AFC)

24 x 20 MHz
12x40 MHz | , [ - _ Y = = LPI & Very Lower Power (VLP)
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DL jako agegaceCA (Carrier Agregation).

-V 5G NR-U je ve 5G Phase Two (Release 16)
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5G device using unlicensed spectrum

Any 5G device using unlicensed spectrum must:

A Comply with lower power emission requirements that limit signal
propagation and in-band interference, constraining the coverage area

A Share spectrum with incumbent users, adding technical complexity to 5G
terminals so that all devices can coexist

A Make use of Dynamic Frequency Selection (DFS) and Transmit Power
Control (TPC) technigues to facilitate coexistence, like Wi-Fi devices do
today

A Likely adopt the LTE or 4G coexistence technigues, such as Listen Before
Talk (LBT), to work side -by-side with Wi-Fi devices
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. 2 0Ud EUOnN tuNbbHHaridelon® vt 4AGEPC core
. Standalone x nonstandalone
- 5Gcorex 4G EPCcore
- 5G architektura
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- Carrier agregation ¢ dual conectivity
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