
• 2.4 Kbps speed
• Voice
• Analog signal

• GSM/CDMA
• 64 Kbps speed
• Voice, higher 
 coverage

• GPRS/EDGE
• 114 Kbps speed
• Voice, SMS, 
 Email, Web

• UMTS/EVO
• Up to 2Mbps
• Large emails
• 11s MP3 download

• HSPA+
• Up to 10Mbps
• Smart Phones   
 take off

• 110Mbps
• HD Video, Mobile 
  TV, Enhanced 
 security & mobility

• LTE_A
• ~300Mbps
• Carrier 
 Aggregation
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2016

4G
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4.5G
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Global Mobile Radio Subscription,
Data, & Revenue Growth

1995    2000     2005      2010      2015      2020

GSM EDGE        UMTS        HSPA+ LTE       LTE-A LTE-Pro 5G

Su
bs

cr
ip

ti
on

 (B
n)

Re
ve

nu
e 

($
Tn

)

12

10

8

6

4

2

0

2.4 

2

1.6

1.2

0.8

0.4

0

10GB

1 PB

1 EB

10 EB

110 EB



Radio Access Network
(RAN)

Core Network 
(CN)

Antenna 
Unit

User Equipment 
(UE)

Base 
Station

Ba
ck
ha
ul



NAS

UE

RRC

SDAP

PDCP

RLC

MAC

PHY

RAN

RRC

SDAP

PDCP

RLC

MAC

PHY

NAS

CN

U-Plane



PSTN

2G/GSM

A-bis

BSC

Gb

MSC

A-Int

Gn

BTS BTS

Gi

2.5G/GPRS

SGSN

GGSN



3G/3.5G

nodeB

Iub

RNC

Gi
PSTN

2G/GSM

A-bis

BSC

Gb

MSC

A-Int

Gn

BTS BTS

2.5G/GPRS

SGSN

GGSN

IuPS

IuCS



MME SGW

eNB
CPRI

X2

SGi

4G/
LTE

S11

PGWHSS

3G/
3.5G

nodeB

Iub

RNC

Gi
PSTN

2G/
GSM

A-bis

BSC

Gb

MSC

A-Int

Gn

BTS BTS

2.5G/
GPRS

SGSN

GGSN

IuPS

IuCS

S1-MME

S6a S5/S8

S1-U



CRAN
(BBU Hotel)S1-MME

4.5G/LTE-A

S1-U
MME SGW

eNB
CPRI

X2

SGi

4G/
LTE

S11

PGWHSS

3G/
3.5G

nodeB

Iub

RNC

Gi
PSTN

2G/
GSM

A-bis

BSC

Gb

MSC

A-Int

Gn

BTS BTS

2.5G/
GPRS

SGSN

GGSN

IuPS
IuCS

S1-MME

S6a S5/S8

S1-U CPRI



Key economic idicators
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Aviation

VR

Cellular Devices

Cloud Office
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Smart City
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Connected Car
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Medium

Low

eMBB

mMTC

URLLC

High Importance

Ultra-Reliable
Low Latency

Communications

Enhanced
Mobile
Broadband

Massive Machine
Type Communications

Peak Data 
Rate

Connection density Latency

Network 
Energy 
Efficiency

Area 
Traffic
Capacity

Spectrum
Efficiency

Mobility

User Experienced
Data Rate



S1-US1-C
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LTE eNB gNB

S1-US1-C S1-U

EPC

LTE eNB gNB



gNB-CU-CP
E1

F1-UF1-C

gNB

gNB-CU-UP

gNB-DU gNB-DU



NEF NRF PCF UDM

AUSF AMF

(R)AN UPFUE

SMF NWDAF

AF

DN

Nnef Nnrf Npcf Nudm
Nausf Namf Nsmf Nnwdaf

N1 N2 N4

N3 N6

Naf

NEF
Network Exposure Function

NRF
Network Repository Function

PCF
Policy Control Function

UDM
Unified Data Management

AF
Application Function

AUSF
Authentication Server Function

AMF
Access & Mobility
Management Function

SMF
Session Management Function

NWDAF
Network Data Analytics 
Function

UE
User Equipment

RAN
Radio Access Network

UPF
User Plane Function

DN
Data Network



QoS flow handling QoS 

CU

DU

RU

FH

SDAP

QoS Flows

Radio Bearers

F1/W1 Split 2
RLC Channels

Logical 
Channels

Split 6
Transport 
Channels

Split 7-3

Split 7-2

Split 7-1

Split 8

CC1 CCn CC1

PDCP

RLC

MAC

PHY

ROHC ROHC ROHC

Security Security Security

Seg, ARQ

HARQ HARQ HARQ

Multiplex, UE1 Multiplex

Scheduling/Priority Handling

Rate matching=> scrambling

BF Precode(DL)/Equalisation(UL) => RE-mapping

Modulation=> layer mapping

IFFT => CP addition => D/A conversion => 
Analog BF

Seg, ARQ Seg, ARQ

F1-C F1-U
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10GB

1PB 1EB

10EB

110EB

Projected cash flow 
with forecast benefit 
of softwarization and 
RAN disaggregation to 
reduce CAPEX & OPEX

Key economic indicators
(bubble volume = data/month)
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64QAM 256QAM
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Sub
carriers

Sub
carriers

Sub
carriers

Sub-FRAME (1 ms)

1 FRAME (10 ms) 10 sub-frames

4 slots 
per 
subframe

2 slots 
per 
subframe

1 slot
per 
subframe

Numerology µ = 0
Normal CP
15 KHz subcarrier 
spacing (SCS)
66.67 µs symbol 
duration

Numerology µ = 1
Normal CP
30 KHz subcarrier 
spacing (SCS)
33.33 µs symbol 
duration

Numerology µ = 2
Normal CP
60 KHz subcarrier 
spacing (SCS)
16.67 µs symbol 
duration

66.67 µs 
symbol 
duration

Sub
carriers

Sub
carriers

Sub
carriers

14 
symbols
per slot

14
symbols
per slot

14 
symbols
per slot

Symbol Symbol Symbol

16.67 µs 
symbol 
duration

33.33 µs 
symbol 
duration

60 kH
z

30 kH
z

15 kH
z



Sub-FRAME (1 ms)

1 FRAME (10 ms) 10 sub-frames

16 slots 
per 
subframe

8 slots 
per 
subframe

4 slots 
per 
subframe

Numerology µ = 2
Extended CP
60 KHz subcarrier 
spacing (SCS)
16.67 µs symbol 
duration

Numerology µ = 3
Normal CP
120 KHz subcarrier 
spacing (SCS)
8.33 µs symbol 
duration

Numerology µ = 4
Normal CP
240 KHz subcarrier 
spacing (SCS)
4.16 µs symbol 
duration

Sub
carriers

Sub
carriers

Sub
carriers

Sub
carriers

Sub
carriers

Sub
carriers

240 kH
z

60 kH
z

Symbol Symbol Symbol

4.16 µs 
symbol 
duration

8.33 µs 
symbol 

duration

16.67 µs 
symbol 

duration

120 kH
z

12
symbols
per slot

14 
symbols
per slot

14 
symbols
per slot



Slot 18
(14 symbols)
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)

Slot 0
(14 symbols)

Subframe 0
(1 ms)

Subframe 9
(1 ms)

Frame
(10 ms)

Resource
element

Slot 1
(14 symbols)

Slot 19
(14 symbols)

Numerology 1 
30 KHz subcarrier spacing



Radio channel

Transmitter Receiver



Complex radio channel

Transmitter Receiver



Radio channel

Transmitter Receiver



Transmitter Receiver

Radio channel



Radio channel

Transmitter Receiver



Transmitter Receiver

Radio channel



Radio channel

Transmitter Receiver



Channel State Indicator-Reference

Signal (CSI-RS) on 32 ports

Channel State Indicator-Reference

SSB0
PSS, SSS PSS, SSS

SSB1

SSB2

SSB3

Signal (CSI-RS) on 8 ports each

Channel State Indicator-Reference

Signal Resource Indicator (CRI)

Synchronization Signal Block (SSB)

Channel Quality Indicator (CQI)

Rank Indicator (RI)

Precoding Matrix Indicator (PMI)

Channel Quality Indicator (CQI)

Rank Indicator (RI)

Precoding Matrix Indicator (PMI)



SSB2

SSB3

SSB0

PSS, SSS PSS, SSS

SSB1

Channel State Indicator-Reference

Signal (CSI-RS) on 32 ports

Channel State Indicator-Reference

Signal (CSI-RS) on 8 ports each

Channel State Indicator-Reference

Signal Resource Indicator (CRI)

Synchronization Signal Block (SSB)

Channel Quality Indicator (CQI)

Rank Indicator (RI)

Sounding Reference Indicator (SRS)

Channel Quality Indicator (CQI)

Rank Indicator (RI)

Sounding Reference Indicator (SRS)
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Antenna RRU BBU Router EPC
BackhaulFronthaul



Antenna RRU BBU Router EPC
BackhaulFronthaul
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1310 nm

1310 nm
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Sync SyncUser
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SAPCM SAPS SAPIQ

Digitized Radio Base Station
Internal Interface Specification

Radio Equipment 
Control (REC)

Radio Base Station System

Radio Equipment 
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Control
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and
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Time Division Multiplex

Layer 2

Layer 1

User Plane

IQ
 D

ata

Vendor Specific

Ethernet

H
D

LC

L1 Inband Protocol
Control 

& Management
Plane

SYNC

Electrical
Transmission
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1 2 3 15 16 p-1 p 63 64 65 66 67 127 255

0 0 0 0 0 0 0 0 1 1 1 1 1 3

1 2 3 15 16 p-1 p 63 0 1 2 3 63 63Index of 
subchannel 
Ns=0

Index of 
control
word
within 
subchannel 
Xs=0

Index of 
control 
word
X=0

1 hyperframe (66.67 µs)
1 basic frame

Sync byte K28.5 CW130 contains: 
RAI, SDI, LOS, LOF



Definitions

Basics

Architecture

Profiles

Network
Requirements

Timing
Characteristics

G.8275

G.8273 
Framew

Frequency 
(G.826x)

Time/Phase
(G.827x)

G.8261

G.8261.1

G.8262
SyncE

G.8263
Packet

G.8264 
Timing inf

G.8265 Packet

G.8260

G.8265.1 
Freq.

G.8275.1 
FTS

G.8275.2 
PTS/APTS

G.8271

G.8271.x

G.8271.1 
FTS

G.8273.1 
T-GM

G.8273.3 TC

G.8273.4 
APTSC

G.8271.2
PTS/APTS

G.8273.2
T-BC/T-TSC

G.8272 
PRTC



PNT-F
PRC

PNT-F

PEC-M

PEC-S-F

PNT-F

Physical Layer 
based 

synchronization 
network

C: PEC-S-F 
input packet 
network 
limits

E: End application 
requirements
(e.g., frequency accuracy) 

B: PEC-M 
output packet 
network limits

A: PRC, EEC, SSU 
OR SEC network 
limits

Packet 
master 
clock Timing 

packets

End application clock

C2

C1

D: PEC-S-F 
output
network limits  
(deployment 
case 2)

End 
application 
clock

Packet 
network



Packet slave clock 
(PEC-S) - CUT

Packet master 
clock (PEC-M) +

-

+

Ideal input packet 
timing signal

(no PDV)

Output physical clock 
within certain 

performance limits

FR



Packet Network

Reference

Packet Slave 
Clock

Packet Slave 
Clock

Packet Slave 
Clock

Packet 
Master Clock



Deployment Case 1

Network 
time 
reference
(e.g., GNSS 
engine)

End
application

A B C E

End 
application
Time clock

Packet 
networkPRTC T-GM T-BC T-TSC

Network 
time 
reference
(e.g., GNSS 
engine)

A B C D E

End 
application
Time clock

Packet 
networkPRTC T-GM T-BC T-TSC

Deployment Case 2
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PRC T-GM
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Coding

Rate
matching

Scrambling

Modulation

Layer
mapping

Pre-coding

RE mapping

IFFT/CP
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D/A

Analog BF
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de-matching

De-
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Transport
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Control (eREC)
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Core Edge Access
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PHY
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SGi

S10

MME

C-SGN
(PGW-SGW)
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NF_A
(Consumer)

Request

NF_B
(Producer)

Response

Subscribe

Notify

NF_A
(Consumer)

NF_B
(Producer)

3GPP TS 23.501



JSON

R16
(under consideration)

R15

JSON

HTTP/2

TLS

TCP

HTTP/3

IP IP

QUIC

L2 L2

3GPP TR 29.893
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NEF NRF PCF UDM

AUSF AMF

(R)AN UPFUE

SMF NWDAF

AF
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Nnef Nnrf Npcf Nudm
Nausf Namf Nsmf Nnwdaf

N1 N2 N4

N3 N6

Naf

Classic

Service Based



NRFNSSFTarget
AMF

Initial
AMF

(R)AN

2. [Optional] UE Context 
transfer, identification, 
authentication and 
security procedures

3GPP TS 23.502 Figure 4.2.2.2.3-1

3a. UDM 
selection

UDM

3b. Nudm_SDM_Get
(Slice Selection Subscription Data)
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