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A TECHNICAL OVERVIEW OF R16, 17, 18 AND BEYOND



5G NR TECHNOLOGY EVOLUTION

20202018 2022 2024 2026

| April 2019

eMBB: enhanced Mobile Broadband

URLLC: Ultra-Reliable Low Latency Communication

mMTC: massive Machine Type Communication

1st 5G NR networks (FR1,

FR2) launched; focus: eMBB

| June 2022

3GPP Release 17 

(5G Phase 2+); focus: 

NTN, NR RedCap, FR2-2

| June 2020

3GPP Release 16 

(5G Phase 2); focus: 

two market verticals

5G NR

Phase 1

3GPP Release 18 

5G Advanced; focus: 

XR, AI, Energy Saving, …

| March 2024
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LET’S GET MORE TECHNICAL: 
3GPP REL. 16 TOPIC SUMMARY

LTE

Rel. 16

5G 
ENTV

eMTC

NB-IoT
DL 

MIMO 
enh.

Mobile 
enh.

Highlighted work items

= major new aspects

NR

Rel. 16

V2X
DC/CA 

enh.

2-step 
RACH

CLI & RIM

MIMO

IAB

IIoT

URLLC

Mobility 
Enh.

Positioning
UE PS

NR-U

Capability 
Sig.

SRVCC

NPN

NTN

IIoT_CM

NOMA

5G Today and Into the Future



INDUSTRIAL IoT
5G evolution, Releases 16
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INDUSTRY 4.0 SPECIFIC DEPLOYMENT SCENARIOS
5G-ACIA WP: 5G NON-PUBLIC NETWORKS (NPN) FOR INDUSTRIAL SCENARIOS

Shared RANIsolated

op
tio

na
l

Shared RAN & control NPN w/ public NW

• Isolated NPN deployed on the organization’s defined premises, such 

as a campus or a factory, offer high reliability and operation flexibility 
5G Today and Into the Future

https://www.5g-acia.org/publications/5g-non-public-networks-for-industrial-scenarios-white-paper/
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5G INTEGRATION INTO AN ETHERNET TSN ARCHITECTURE

5G Today and Into the Future

UE

UE

TSN based 
application

TSN translator (TT) 

function is used for the 

adaptation to the TSN 

domain on user and 

control plane

TSN 
bridge

Control plane

SMF

UDM NEF

PCFAMF TSN AF

TSN 
bridge

TSN based 
application

The 5G system appears 

as a set of transparent 

TSN Ethernet bridges.

Bridge supports time 

sync, store & forward 

scheduling, jitter 

management & 

reporting

UPF
NW-TSN

translator
DS-TSN

translator

DS-TSN

translator

5GS time synchronization

TSN time synchronization

BridgeS
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LTE

Rel-16

5G 
ENTV

eMTC

NB-IoT
DL 

MIMO 
enh.

Mob. 
enh.

NR

Rel-16

V2X
DC/CA 

enh.

2-step 
RACH

CLI & RIM

MIMO

IAB

IIoT

URLLC

Mobility 
Enh.

Positioning
UE PS

NR-U

Capability 
Sig.

SRVCC

NPN

NTN

IIoT_CM

NOMA

Rel-17

MIMO

Rel-17

SL enh.

Rel-17

IIoT / 
URLLC

Rel-17

IoT over 
NTN

Rel-17

NTN

Rel-17

Pos. enh.

Rel-17

UE PS enh.

Rel-17

IAB

Rel-17

NPN

Rel-17

MR DC/CA

Rel-17

SL relay Rel-17

DSS enh.

Rel-17

NR RedCap

Rel-17

Cov. enh.

Rel-17

Mulit SIM

Rel-17

Small Data 
enh.

Rel-17

RAN slicing

Rel-17

QoE

Rel-17

SON/MDT

Rel-17

NR <71GHz

Rel-17

XR eval.

Rel-17

eMTC & 
NB-IoT

Rel-17

NR 
Multicast

5G Today and Into the Future
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STRENGTHEN THE FOUNDATION AND IMPROVING VERTICALS 
5G evolution, Releases 17

5G Today and Into the Future



NR-V2X: SIDELINK ENHANCEMENTS + RELAY
The ongoing evolution of 5G
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EVOLUTION OF 3GPP MOBILE COMMUNICATIONS STANDARD
RELEASES 12 TO 16 FF RELEVANT FOR AUTOMOTIVE

5G Today and Into the Future
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5G NR C-V2X COMMUNICATION MODES AT PHY LAYER

5G Today and Into the Future



Rohde & Schwarz

5G NR SIDELINK – CHANNEL STRUCTURE

5G Today and Into the Future

Improved flexibility due 

to sidelink control info.

Various numerologies 

to copy the tremendous 

flexibility of 5G NR, also 

to 5G NR V2X
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PQI 
Value 

Resource 
Type 

Default 
Priority 
Level 

Packet 
Delay 

Budget 

Packet 
Error 
Rate  

Default 
Maximum 

Data 
Burst 

Volume 

Default 
Averaging 
Window 

Example Services 

21 
 

 
GBR 

3 20 ms 
 

10-4 1. N/A 2. 2000 
ms 

3. Platooning 
between UEs – 
Higher degree of 
automation; 
4. Platooning 
between UE and RSU 
– Higher degree of 
automation 

22 
 

(NOTE 1) 4 50 ms 10-2 5. N/A 6. 2000 
ms 

7. Sensor sharing – 
higher degree of 
automation  

23  3 100 ms 10-4 8. N/A 9. 2000 
ms 

10. Information 
sharing for automated 
driving – between 
UEs or UE and RSU - 
higher degree of 
automation 

55 Non-GBR 3 10 ms  10-4 11. N/A 12. N/A 13. Cooperative lane 
change – higher 
degree of automation 

56  6 20 ms 10-1 14. N/A 15. N/A 16. Platooning 
informative exchange 
– low degree of 
automation; 
17. Platooning – 
information sharing 
with RSU  

57  5 25 ms  10-1 18. N/A 19. N/A 20. Cooperative lane 
change – lower 
degree of automation  

58  4 100 ms 10-2 21. N/A 22. N/A 23. Sensor 
information sharing – 
lower degree of 
automation 

59  6 500 ms 10-1 24. N/A 25. N/A 26. Platooning – 
reporting to an RSU 

90 Delay 
Critical 
GBR 

3  10 ms 
 

10-4 27. 2000 
bytes 

28. 2000 
ms 

29. Cooperative 
collision avoidance; 
30. Sensor sharing – 
Higher degree of 
automation; 
31. Video sharing – 
higher degree of 
automation 

91 (NOTE 1) 2 3 ms 10-5 32. 2000 
bytes 

33. 2000 
ms 

34. Emergency 
trajectory alignment; 
35. Sensor sharing – 
Higher degree of 
automation 

 

NR V2X SIDELINK SUPPORTING QoS
Technology of PC5 direct communications (5G)

UE A UE BUE B

PC5 Unicast link 1

PC5 Unicast link 2

V2X Service AV2X Service A

Application Layer ID 2Application Layer ID 2

V2X Service B

V2X Service CV2X Service C

V2X Service D

Application Layer ID 4Application Layer ID 4

V2X Service AV2X Service A

V2X Service B

Application Layer ID 1Application Layer ID 1

V2X Service CV2X Service C

V2X Service D

Application Layer ID 3Application Layer ID 3

PC5 QoS Flow #2

PC5 QoS Flow #3

PC5 QoS Flow #1

PC5 QoS Flow #4

PC5 QoS Flow #5

Not an eye chart ☺ but an example of the flexibility: 

3GPP defines ~10 different QoS flow profiles for the NR V2X sidelink

5G Today and Into the Future
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V2X PC5 INTERFACE PROCEDURE BROADCAST

5G Today and Into the Future
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V2X PC5 INTERFACE PROCEDURE GROUPCAST

5G Today and Into the Future



Rohde & Schwarz

5G NR ZONE CONCEPT

5G Today and Into the Future
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V2X PC5 INTERFACE PROCEDURE UNICAST

5G Today and Into the Future
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REL.17 NR SIDELINK ENHANCEMENTS

5G Today and Into the Future

Release 16 sidelink with focus on automotive!

Release 17 sidelink with focus on battery

consumption! (default resource pool allocation. TX 

side DTX & RX side DRX alignment, SL sensing)

Release 17 sidelink with focus on uRLLC! 

(reliability & reduced latency, Inter-Ue coordination, 

new frequency bands: Uu and SL interface in 

licensed spectrum, SL operation geofencing)

Release 17 sidelink with focus on ProSe! (network 

controlled interactive services, enhanced relay & 

coverage)
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REL.17 NR RELAY

5G Today and Into the Future

UE to

network 

relay

UE to

UE relay

QoS mapping, e.g. new sidelink 

adaptation layer protocol

Relay & remote 

authorization

Source UE UE-to-UE Relay Destination UE

RLC Channel RLC Channel

ADAPT

PC5-RLC

PC5-MAC

PC5-PHY

ADAPT

PC5-RLC

PC5-MAC

PC5-PHY

PC5-PDCP

PC5-SDAP

IP

ADAPT

PC5-RLC

PC5-MAC

PC5-PHY

ADAPT

PC5-RLC

PC5-MAC

PC5-PHY

PC5-PDCP

PC5-SDAP

IP

Source UE Destination  UE

RLC Channel RLC Channel

ADAPT

PC5-RLC

PC5-MAC

PC5-PHY

ADAPT

PC5-RLC

PC5-MAC

PC5-PHY

PC5-PDCP

PC5-RRC

ADAPT

PC5-RLC

PC5-MAC

PC5-PHY

ADAPT

PC5-RLC

PC5-MAC

PC5-PHY

PC5-PDCP

PC5-RRC

UE-to-UE Relay Procedures needed for: 

Discovery, QoS 

maintenance, C- and U-

plane, authorization and 

service continuity



NON-TERRESTRIAL NETWORKS
The ongoing evolution of 5G
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NON-TERRESTRIAL NETWORKS IN ONE SLIDE 

5G Today and Into the Future
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NTN: CONSTELLATION 

5G Today and Into the Future

5G NTN constellations

GEO

MEO
LEO

T1 10:00T2 10:15T1 10:00T2 10:15

Steerable beams: Fixed with

respect to Earth‘s surface
Fixed beams: Moving with

respect to Earth‘s surface

Platform Altitude Orbit Beam footprint

GEO 35786 km Position fixed in elevation/azimuth to a given

Earth point

200-3500 km

LEO 300-1500 km Circular arount the Earth. Not stationary to a 

given Earth point

100 – 1000 km
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NTN: TRANSPARENT PAYLOAD ARCHITECTURE

5G Today and Into the Future

5G NTN architecture

gNBNTN 

gateway

Spaceborne

station

UE

3GPP 

NR Uu 

interface

Transparent 

repetition

Transparent repeat
3GPP 

NG 

interface

5GC Data network

3GPP 

N6 

interface

FDD

Serving link
Feeder link
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NTN: RTT ASPECTS – PERSPECTIVE UE

5G Today and Into the Future

5G NTN RF challenges

Elevation angle

RTTnadir = two way latency

at shortest distance, 

corresponds to RTTmin

RTTmax

RTTmin

Elevationingress
Elevationegress Elevationnadir
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NTN: DOPPLER RATE

5G Today and Into the Future

5G NTN RF challenges

+Dopplermax

Elevationinit
Elevationexit Elevationnadir

՜
𝑣0

՜
𝑣 max _𝑙𝑒𝑎𝑣𝑖𝑛𝑔

՜
𝑣 max _𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ𝑖𝑛𝑔

-Dopplermax

Dopplermin

Elevation α horizon

SIB with

Ephemeris

info

GNSS optionally

used by LEO for

orbit control

GNSS used by UE 

for Earth position

determination

Pre-configured

Ephemeris info
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5G NTN MOBILITY SCENARIOS 

5G Today and Into the Future

5G NTN procedures

Cell selection / 

cell re-selection

Intra-satellite / inter-

beam handover

Inter-satellite

handover/ inter-

satellite DC

NTN - terrestrial

handover / DC

NR-NTN connection

Future or dual connectivity NR-NTN connection

Future or dual connectivity terrestrial connection
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NTN: PROTOCOL STACK

NR PDCP

TCP/UDP IP

PDU

NR PHY

NR MAC

NR RLC

NR SDAP

NR NAS

NR RRC

Link budget, delay, Doppler, 

polarization, beamforming, 

OFDMA

HARQ, timing advance, SR + 

BSR reporting, RACH

AM, UM, TM 

=> Timer adaptations

Security, in-sequence data & 

duplication => timer adaptations

QoS flow => new QoS profiles

NTN specific applications? 

Mobility, reporting, link control, 

Ephemeris info, RRM adaptations

Cross country border coverage, 

Earth fixed timing advance, RAN 

type signaling

5G Today and Into the Future



REDUCED CAPABILITY (RedCap) + POWER SAVING
The ongoing evolution of 5G
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NG-

eNB

REL. 16 reduced capability (RedCap)
throughput

uRLLC

mMTC

eMBB

5G RedCap

Highest throughput

Critical applications

Low complexity & 

high efficient IoT

Smart IoT

5G RedCap: reduced #antennas, bandwidth restriction, Half-

duplex FDD, relaxed processing & timing, power saving

methods incorporation, mobility relaxation (e.g. stationary UEs)

5G Today and Into the Future
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UE POWER SAVING OVERVIEW AS TRIANGLE 

5G Today and Into the Future

Hardware restrictions and reduced capabilities:

• Lower power class

• Single antenna

• Half-duplex operation

• Bandwidth restrictions

• Etc. 

Enhanced mechanisms & innovations:

• Wake-up signals

• Relaxed measurements

• Adaptive bandwidth

• Etc. 

Operational enhancements:

• Discontinuous reception (DRX)

• Sleep mode

• Power save mode (PSM)

• Signaling reduction, i.e. TAU

• Cross-slot scheduling

• Etc. 
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5G NR POWER SAVING ASPECTS – OVERVIEW

5G Today and Into the Future

Rel. 16 ++ features: Several methodologies with respect to power saving are introduced

Bandwidth part (BWP= switching

Max of DL MIMO layers configurable per active BWP

Wake up signal introduction, scheduled by PDCCH

Cross-slot scheduling

UE assisted power saving methods

RRM measurement relaxation
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5G NR POWER SAVING ASPECTS – BWP SWITCHING

5G Today and Into the Future

Rel. 15 feature: switching between different BWPs => goal to reduce energy
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5G NR POWER SAVING ASPECTS – WAKE UP SIGNAL (WUS)

5G Today and Into the Future



Rohde & Schwarz

5G NR POWER SAVING – CROSS-SLOT SCHEDULING

5G Today and Into the Future

Rel. 16++ feature: Introduction of cross-slot scheduling functionality. 

Idea: UE assumes 0ms scheduling transition: Via DCI and cross-slot scheduling a micro-

sleep period can be introduced
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5G NR POWER SAVING – UE ASSISTED POWER SAVING

5G Today and Into the Future

Rel. 16++ feature: Introduction of UE assisted power saving methodologies

► drx-Preference: UE preference for C-DRX which includes: long/short DRX cycle, DRX inactivity

timer, short DRX cycle timer

► maxBW-Preference: UE preference for maximum aggregated bandwidth of the cell group (CG)

► maxCC-Preference: UE preference for max number of SCellsof the CG

► maxMIMO-LayerPreference: UE preference for max number of MIMO layers of the CG

► minSchedulingOffsetPreference: UE preference for min offset for cross-slot scheduling of the 

CG

► releasePreference–This indicates whether the UE prefers to transition out of 

RRC_CONNECTED
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DEVICE OPTIMIZATION

► Reduced capability (RedCap)

− 20 MHz (FR1), 100MHz (FR2)

− 1 or 2 Rx

− 256QAM optional

− Half duplex FDD 

− Lower transmit power

− Limited mobility/handovers

5G Today and Into the Future
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NETWORK ENERGY EFFICIENCY
ETSI & 3GPP definition: Energy efficiency

𝐸𝐸𝑀𝑁,𝐷𝑉 =
𝐷𝑉𝑀𝑁
𝐸𝐶𝑀𝑁

𝐸𝐸𝑀𝑁,𝐶𝑜𝐴 =
𝐶𝑜𝐴𝑑𝑒𝑠.𝑀𝑁
𝐸𝐶𝑀𝑁

Designated coverage area / 

energy consumption

Holistic approach: From cloud to component, 

energy saving methods in the entire 5G system

Data volume / 

energy consumption

Turn on/off cells

LTE

5G NR

Activate / de-

activate

carriers / RAT

SSB Data

Blank / DTX

Advanced sleep

mode (ASM)

RF

RF

RF

RF

RF

RF

RF

RF

RF

RF

RF

RF

RF

RF

RF

RF

Turn 

on/off RF

5G Today and Into the Future



POSITIONING ENHANCEMENTS
The ongoing evolution of 5G
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5G NR POSITIONING: VARIOUS POSSIBILITIES

5G Today and Into the Future
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LOCATION-BASED SERVICES IN REL. 17 - REQUIREMENTS

5G Today and Into the Future

Commercial use cases:

- Horizontal position accuracy (< 1 m) for 90% of UEs

- Vertical position accuracy (< 3 m) for 90% of UEs

- End-to-end latency for position estimation of UE (< 100 ms)

- Physical layer latency for position estimation of UE (< 10 ms)

IIoT use cases:

- Horizontal position accuracy (< 0.2 m) for 90% of UEs 

- Vertical position accuracy (< 1 m) for 90% of UEs 

- End-to-end latency for position estimation of UE (< 100ms, in the order of 

10 ms is desired)

- Physical layer latency for position estimation of UE (<10ms)

Ambitious objectives for Rel-17 target positioning requirements 
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RELEASE 17 – POSITIONING ENHANCEMENTS

5G Today and Into the Future41
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LBS IN RELEASE 18 – DIFFERENTIAL POSITIONING

5G Today and Into the Future
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LOCATION-BASED SERVICES IN RELEASE 17 - OUTLOOK

Target integrity risk = probability that

the positioning error exceeds the alert 

limit without warning

Alert limit = maximum allowable positioning error

P(x)

Idea to provide authentication

and integrity data via 5G & 

perform data analytics within

the device

GNSS assistance

data integrity

Integrity model (Stanford plot) 

5G Today and Into the Future
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Defined by 3GPP RAN4, 

but only applicable in USA
n96: 5.925 to 7.125 GHz

“FR5”

60 GHz band

SPECTRUM FOR 5G NR AND 5G EVOLUTION

5G Today and Into the Future

“FR3”1)

0.41 7.125

FR2

24.25 52.6

“FR4”2)

1) TR 38.820 V16.0.0 (2020-07)

FR1

57 71663) 76 78 81 86 92 95

Successfully identified for IMT at WRC-19

Failed to be identified for IMT at WRC-19

47.2 48.2

50.4 52.6

47.045.5

37.0 43.524.25 27.5 31.8 33.4

50.2

n257, n258, n261

n260, n25928.35

Source: https://news.itu.int/wrc-19-agrees-to-identify-new-frequency-bands-for-5g/ 3) 64 GHz in USA, Canada 4) TR 38.808 V0.0.1 (2020-06)2) TR 38.807 V16.0.0 (2020-01)

24.25

37.0 43.5

FR2+4)

(drawing not to scale)

For WRC-23
3.4 to 3.4, 3.6 to 3.8, 6.425 to 7.025, 

7.025 to 7.125 and 10 to 10.5 GHz

f in GHz

114.25 275

52.6 71

http://www.3gpp.org/ftp/Specs/archive/38_series/38.820/38820-g00.zip
https://news.itu.int/wrc-19-agrees-to-identify-new-frequency-bands-for-5g/
https://portal.3gpp.org/desktopmodules/Specifications/SpecificationDetails.aspx?specificationId=3735
http://www.3gpp.org/ftp/Specs/archive/38_series/38.807/38807-g00.zip
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EXTENDING CURRENT NR OPERATION TO 71GHz - challenges

5G Today and Into the Future

𝑃𝑅𝑥
𝑃𝑇𝑥

= 𝐺𝑎𝑛𝑡𝑒𝑛𝑛𝑎
𝑐

4𝜋𝒇𝑑

γ

Friis equation => path attenuation

At higher frequencies: Free space path loss is

high -> beamforming with high gain

Higher phase noise PA efficiency Spectral efficiency

Channel 

bandwidth

Available 5G band size

Larger band size & bandwidth

=> Licensed & unlicensed bands

Channel 

bandwidth
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EXTENDING CURRENT NR OPERATION TO 71GHz

5G Today and Into the Future

► In addition to 120kHz SCS, new 

SCS (480kHz and 960kHz) and 

wider bandwidth(s) are specified 

for operation in the extended 

frequency range.

► After some discussion the 

maximum bandwidth support is 

now 2GHz (in addition to 

100/400/1600 MHz).
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EXTENDING NR OPERATION TO 71GHz – some details

5G Today and Into the Future

PUCCH format updates

Sensing

slot

Ts=9µs

DL UL DL UL DL UL

gNB channel occupancy time (COT)

UL grant

Sensing slot

Listen before talk (LBT)

FR2-2 unlicensed: only dynamic shared mode + LBT

FR2-2 PRACH: longer sequences for better efficiency
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EXTENDING NR OPERATION TO 71GHz – some details

5G Today and Into the Future

FR2-2 study phase: discussions

Subcarrier 

spacing [kHz]

Minimum 

bandwidths [MHz] 

Maximum 

bandwidths [MHz] 

120 50, 400 (Note) 400 

480 200 1600

960 400, 2160 (Note) 1600, 2000, 2160, 

3200 (Note)

FR2-2: SSB with wider subcarrier spacing

• Wider SCS with SSB => reception performance is weaker

• Mixed numerology allowed

• Potential SSB and COREST0 offset

SSB mixed numerology possible and offset

signaling via kSSB



Rohde & Schwarz 5G Today and Into the Future
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“If you want to go fast, go alone. 
If you want to go far, go together!”

African proverb

www.rohde-schwarz.com/5G

http://www.rohde-schwarz.com/5G
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ADDITIONAL RESOURCES AND WHITEPAPER RELATED TO THE 
CONTENT OF TODAY’S PRESENTATIONS:   

Additional Resources
• Worldwide Spectrum Allocation Poster (2020)

• Free "Demystifying 5G NR" poster | Rohde & Schwarz (rohde-

schwarz.com)

5G technology book oline version

(>1000 pages on 5G technology):

www.rohde-schwarz.com/5G

5G Voice over New 

Radio (VoNR) | Rohde & 

Schwarz (rohde-

schwarz.com)

White paper: 

Positioning in 5G NR 

| Rohde & Schwarz 

(rohde-schwarz.com)

5G Non-terrestrial

Networks | 

Technology 

Update | Rohde & 

Schwarz (rohde-

schwarz.com)

5G in 

Automotive | 

Rohde & 

Schwarz 

(rohde-

schwarz.com)

5G Today and Into the Future

https://www.rohde-schwarz.com/us/campaigns/rsa/adt/spectrum-poster_253163.html?cid=802_us_mc_ADT_aoc_21-10_i______5gNRmission_spectrumposter_?cid=&mid=6339
https://www.rohde-schwarz.com/solutions/test-and-measurement/wireless-communication/cellular-standards/5g-poster-sign-up_232128.html
http://www.rohde-schwarz.com/5G
https://www.rohde-schwarz.com/solutions/test-and-measurement/wireless-communication/cellular-standards/white-paper-5g-voice-over-new-radio-vonr_254723.html?change_c=true
https://www.rohde-schwarz.com/solutions/test-and-measurement/wireless-communication/cellular-standards/5g-test-and-measurement/5g-nr-whitepaper_255392.html
https://www.rohde-schwarz.com/knowledge-center/webinars/webinar-5g-non-terrestrial-networks-technology-update-registration_253614.html
https://www.rohde-schwarz.com/solutions/test-and-measurement/automotive/connectivity/5g-in-automotive/5g-in-automotive-_255295.html

