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Abstract
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the reception of the service to users without uplink capabilities, i.e. being a downlink-only
mode. One of its design principles is the transmission over large coverage areas in order to
enable High-Power High-Tower (HPHT) network configurations. This deliverable also
provides an evaluation of the 5G NR Rel’15 unicast specifications. In addition, the two 5GXcast PTM solutions are evaluated in order to demonstrate the more efficient use of the radio
resources and their advantages over PTP for the scenarios considered in 5G-Xcast
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Executive Summary
This report investigates the 3GPP Release’15 (Rel’15) of 5G New Radio (NR), and
extends the air interface to point-to-multipoint (PTM) communications. Two specific 5G
PTM technologies are proposed in order to fulfil the different 3GPP requirements needed
for broadcast and multicast, as well as those derived from the 5G-Xcast use cases
defined in Deliverable D2.1. These technologies are the Mixed Mode and the Terrestrial
Broadcast Mode. 5G-Xcast partners have been contributing to the 3GPP Rel’16
discussions in order to detect missing functionalities that are needed to fulfill the agreed
PTM requirements.
The 5G-Xcast Mixed Mode enables a dynamic and seamless switching between Pointto-Point (PTP) and PTM transmissions both in the downlink and the uplink. This solution
is envisaged for the different verticals of the 5G-Xcast project, i.e. media and
entertainment, automotive, internet of things (IoT) and public warning. It reuses the NR
Rel’15 air interface specification as much as possible to ensure the maximum
compatibility with PTP. However, some modifications are included such as the discovery
of the scheduling information to a group of users is enabled by the introduction of a Group
Radio Network Identifier (G-RNTI), and a multiple cell coordination that is enabled by
forcing the same cell scrambling sequence to the neighbouring Next Generation NodeBs
(gNB). Negative numerologies as well as the concept of mini-slots are also included to
support SFN areas and larger deployments.
The 5G-Xcast Terrestrial Broadcast Mode enables the reception of the service to users
without uplink capabilities, i.e. being a downlink-only mode. One of its design principles
is the transmission over large coverage areas in order to enable the media delivery
through deployments including High-Power High-Tower (HPHT) network configurations.
To make this possible, a new physical channel has been defined. It includes new cyclicprefix values and reference signals, as well as a Cell Acquisition Subframe (CAS) and a
very narrow carrier spacing (even more than those provided in the Mixed Mode) in the
frame structure to allow very large Inter-Site Distances (ISDs) in Single Frequency
Networks (SFNs), as required by the 3GPP requirements.
This deliverable also provides an evaluation of the 5G NR Rel’15 unicast specifications
against specific Key Performance Indicators (KPIs), as defined in the IMT-2020
guidelines. It includes analysis, inspection and link-level simulations. In addition, the two
5G-Xcast PTM solutions are evaluated in order to demonstrate the more efficient use of
the radio resources and their advantages over PTP for the scenarios considered in 5GXcast.

1

5G-Xcast_D3.2

Table of Contents
Executive Summary ........................................................................................................ 1
Table of Contents ........................................................................................................... 2
List of Figures ................................................................................................................. 5
List of Tables .................................................................................................................. 7
List of Acronyms and Abbreviations ............................................................................... 8
1

Introduction ............................................................................................................ 10
5G Development Status ................................................................................. 10
Objectives of the document ............................................................................ 10
Structure of the document .............................................................................. 11

2

5G Point-to-Point Air Interface Overview ............................................................... 12
Frame Structure ............................................................................................. 12
Physical Channels and Signals ...................................................................... 13
2.2.1

Physical Downlink Channels and Signals ............................................... 13

2.2.2

Physical Uplink Channels and Signals .................................................... 16

Acquisition Procedure .................................................................................... 16
Feedback........................................................................................................ 17
3

5G Point-to-Multipoint Air Interface Design ........................................................... 19
Introduction..................................................................................................... 19
3.1.1

Summary of RAN Technical Requirements ............................................ 19

3.1.2

Summary of Potential Limitations of LTE Broadcast RAN ...................... 19

Single Cell Mixed Mode (SC-MM) .................................................................. 20
3.2.1

Modifications Introduced in the Downlink (PDCCH) ................................ 20

3.2.2

Modifications Introduced in the Uplink (PUCCH) .................................... 21

Multiple Cell Mixed Mode (MC-MM) ............................................................... 22
3.3.1

Common Cell Scrambling Sequence ...................................................... 22

3.3.2

Negative Numerologies and Extended CP .............................................. 23

3.3.3

Channel Estimation ................................................................................. 25

3.3.4

Feedback ................................................................................................ 26

Terrestrial Broadcast Mode ............................................................................ 26
3.4.1

PTBCH with Compatible SCS and Extended CP .................................... 26

3.4.2

Channel Estimation ................................................................................. 27

MIMO Techniques .......................................................................................... 28
4

Performance Evaluation of 5G PTP against IMT-2020 Requirements .................. 31
Enhanced Mobile Broadband for Media & Entertainment .............................. 31
4.1.1

Bandwidth ............................................................................................... 31

4.1.2

Peak data rate ......................................................................................... 32

4.1.3

Peak spectral efficiency .......................................................................... 35

2

5G-Xcast_D3.2

4.1.4

BICM spectral efficiency.......................................................................... 36

Ultra-Reliable Low Latency Communications for Public Warning and
Automotive ................................................................................................................ 41

5

4.2.1

Mobility .................................................................................................... 41

4.2.2

Latency.................................................................................................... 45

Performance Evaluation of 5G PTM Air Interface ................................................. 49
Enhanced Mobile Broadband for Media & Entertainment .............................. 49
5.1.1

Bandwidth ............................................................................................... 49

5.1.2

Data Rate ................................................................................................ 50

5.1.3

Spectral Efficiency................................................................................... 51

5.1.4

BICM Spectral Efficiency......................................................................... 51

5.1.5

SFN Coverage ........................................................................................ 52

Ultra-Reliable Low Latency Communications for Public Warning and
Automotive ................................................................................................................ 60

6

5.2.1

Mobility .................................................................................................... 60

5.2.2

Latency.................................................................................................... 61

Conclusions ........................................................................................................... 63
Air Interface Design of 5G Mixed Mode and Terrestrial Broadcast ................ 63
6.1.1

Single-Cell Mixed Mode .......................................................................... 63

6.1.2

Multi-Cell Mixed Mode ............................................................................. 63

6.1.3

Terrestrial Broadcast ............................................................................... 64

Performance Evaluation of 5G NR (PTP) ....................................................... 64
6.2.1

Enhanced Mobile Broadband (eMBB) ..................................................... 65

6.2.2

Ultra-Reliable Low Latency Communications (URLLC) .......................... 65

Performance Evaluation of 5G Mixed Mode and Terrestrial Broadcast ......... 66

A

B

6.3.1

Enhanced Mobile Broadband (eMBB) ..................................................... 66

6.3.2

Ultra-Reliable Low Latency Communications (URLLC) .......................... 67

Physical Layer Transmitter Block Diagrams .......................................................... 68
A.1

Physical Downlink Control Channel (PDCCH) ............................................... 68

A.2

Physical Downlink Shared Channel (PDSCH) ............................................... 70

A.2.1

Segmentation + CRC attachment ........................................................... 71

A.2.2

LDPC coding ........................................................................................... 71

A.2.3

Rate matching ......................................................................................... 71

A.2.4

Scrambling .............................................................................................. 72

A.2.5

Modulation............................................................................................... 72

A.2.6

Layer mapping ........................................................................................ 72

A.2.7

Resource Element (RE) mapping and waveform .................................... 72

Detailed Assumptions Data Rate and Spectral Efficiency Calculations ................ 73
B.1

Downlink ......................................................................................................... 73

3

5G-Xcast_D3.2

C

B.2

Uplink ............................................................................................................. 75

B.3

Terrestrial Broadcast ...................................................................................... 77

Link-Level Simulator Calibration Results ............................................................... 78
C.1

Methodology and Parameter Configuration .................................................... 78

C.2

Calibration Results ......................................................................................... 79

References ................................................................................................................... 80

4

5G-Xcast_D3.2

List of Figures
Figure 1. NR Framing structure (µ = 0)......................................................................... 12
Figure 2. Framing structure for SFI=0 (10 subframes, 100% downlink). ...................... 14
Figure 3. SS/PBCH block allocation within a slot ......................................................... 15
Figure 4. CORESET allocation with AL = 1 (left) and PDSCH resources in a slot (right).
...................................................................................................................................... 16
Figure 5. NR Rel’15 acquisition procedure. .................................................................. 17
Figure 6. C-RNTI for PTP versus G-RNTI for PTM communications. .......................... 21
Figure 7. Mini-slots considered for numerologies -1 and -2.......................................... 24
Figure 8. Mini-slot for numerology -3 and incompatibility with 5G Rel’15. .................... 24
Figure 9. MC-MM Control region and DMRS patterns for negative numerologies. ...... 25
Figure 10. PTBCH DMRS Patterns .............................................................................. 27
Figure 11. 5G NR Control Acquisition Subframe .......................................................... 28
Figure 12. Block error rate vs CNR (dB) for SISO AWGN channel with NR. ................ 37
Figure 13. BICM spectral efficiency vs CNR (dB) for SISO AWGN channel. NR vs. LTE
Rel’14 eMBMS and ATSC 3.0. ..................................................................................... 37
Figure 14. BICM spectral efficiency vs CNR (dB) with NR, AWGN MIMO channel. ..... 38
Figure 15. BICM spectral efficiency vs CNR (dB) for all considered scenarios. ........... 39
Figure 16. BICM spectral efficiency vs CNR (dB) for TDL scenarios with 2x2 MIMO. . 39
Figure 17. Block error rate vs CNR for AWGN channel. Different ALs with NR and LTE.
...................................................................................................................................... 40
Figure 18. CNR against user speed for 5G New Radio in TU-6 mobile channel.
Numerologies 0,1 and 2, MCS 3. .................................................................................. 43
Figure 19. CNR against user speed for 5G New Radio in TU-6 mobile channel.
Numerology 0, MCS 15. ............................................................................................... 44
Figure 20. CNR against user speed for 5G New Radio in TDL-A mobile channel. PDCCH,
real channel estimation. ................................................................................................ 45
Figure 21. User plane latency calculation. .................................................................... 46
Figure 22. User plane latency for numerologies 0 and 1, with slot based scheduling of 14
symbols. Minimum frame alignment. ............................................................................ 47
Figure 21. Peak data rate (top) and gain obtained (bottom) with SC-MM and MC-MM
compared to PTP, for different numbers of users and different number of CCs. .......... 50
Figure 22. BICM spectral efficiency vs. required CNR, MC-MM with 0 dB echo channel.
...................................................................................................................................... 52
Figure 23. BICM spectral efficiency vs. required CNR, TB with 0 dB echo channel. .... 52
Figure 24. Required CNR with different echo delays using MC-MM. ........................... 53
Figure 25. Required CNR with different echo delays using the 5G TB mode. .............. 54
Figure 26. Required CNR vs corresponding echo delay (PDCCH, AL = 2) .................. 55
Figure 27. Normal & extended CP with 0.1 ∗ 𝑇𝑐𝑝 as delay for the second path. .......... 56
Figure 28. Normal & extended CP with 0.6 ∗ 𝑇𝑐𝑝 as delay for the second path. .......... 57
Figure 29 SINR vs Coverage Probability at the location of minimum capacity for the
network configurations shown. Fixed rooftop reception. HPHT1 (left) and HPHT2 (right)
...................................................................................................................................... 58
Figure 30: SINR vs Coverage Probability at the Location of Minimum Capacity for car
mounted reception. MPMT (left), LPLT (right). ............................................................. 59
Figure 31. CNR against user speed for 5G-Xcast PTM modes in TU-6 mobile channel.
...................................................................................................................................... 60
Figure 21. User plane latency for numerology -2, with non-slot based scheduling of 2
symbols. Minimum frame alignment. ............................................................................ 61
Figure 32. PDCCH block diagram. ............................................................................... 68
Figure 33. RE mapping procedure in PDCCH for aggregation level 1 ......................... 70
Figure 34. NR Link-level transmitter block diagram. ..................................................... 70

5

5G-Xcast_D3.2

Figure 35. Segmentation and CRC attachment process in PDSCH. ............................ 71
Figure 36. LDPC coding in PDSCH. ............................................................................. 71
Figure 37. Rate matching and concatenation in PDSCH. ............................................. 72
Figure 38. PDSCH Throughput: Case 4. ...................................................................... 79
Figure 39. PDSCH Throughput: Case 5. ...................................................................... 79

6

5G-Xcast_D3.2

List of Tables
Table 1. 5G air interface parameters: numerology (μ), subcarrier spacing, useful symbol
duration (TU), CP duration (TCP) and slots per subframe. ............................................. 13
Table 2. Number of Resource Elements (REs) allocated for PDCCH CORESET with
different number of UEs for PTP and SC-MM. ............................................................. 21
Table 3. Maximum ISD with 5G NR Rel’15 unicast numerologies. ............................... 23
Table 4. Extended cyclic prefixes for 5G negative numerologies. ................................ 24
Table 5. MC-MM Reference Signal Patterns ................................................................ 26
Table 6. Terrestrial Broadcast new numerologies and extended CP combinations. .... 27
Table 7. Terrestrial Broadcast DMRS patterns ............................................................. 28
Table 8. Assessment method used per KPI and associated 5G-Xcast verticals. ......... 31
Table 9. NR maximum supported bandwidth. ............................................................... 32
Table 10. FDD DL peak data rate values ..................................................................... 33
Table 11. TDD DL peak data rate values ..................................................................... 34
Table 12. FDD UL peak data rate values ..................................................................... 34
Table 13. TDD UL peak data rate values ..................................................................... 34
Table 14. Peak spectral efficiency for FDD DL. ............................................................ 35
Table 15. Peak spectral efficiency for TDD DL. ............................................................ 35
Table 16. Peak spectral efficiency for FDD UL. Numerologies from 0 to 2, with and
without MIMO................................................................................................................ 36
Table 17. Peak spectral efficiency for TDD UL. Numerologies from 0 to 3, with and
without MIMO................................................................................................................ 36
Table 18. Minimum CNR threshold of PDCCH in AWGN, TDL-A, and TLD-C channel.
...................................................................................................................................... 41
Table 19. Doppler limit (Hz) and related speed (km/h) for 700 MHz and 4 GHz bands.
...................................................................................................................................... 42
Table 20. User plane latency (ms) for all considered configurations. ........................... 48
Table 21. Assessment method used per KPI and associated technology. ................... 49
Table 22. Spectral efficiency vs number of users. ........................................................ 51
Table 23 Network Parameters ...................................................................................... 57
Table 24 Channel characteristics for considered environments ................................... 58
Table 25 Achievable SINR (dB) at 95% locations. Fixed rooftop reception. ................. 58
Table 26 Carrier spacings and CP overhead for numerologies used in simulations .... 59
Table 27 Achievable SINR (dB) at 95% locations. Car mounted reception .................. 59
Table 28. User plane latency (ms) with the Mixed Mode. ............................................. 62
Table 29. User plane latency (ms) with 5G Terrestrial Broadcast. ............................... 62
Table 30. KPI analysis and the associated IMT-2020 requirements. ........................... 65
Table 31. DCI Format 1_0 content. .............................................................................. 68
Table 32. FDD FR1 cases. ........................................................................................... 78

7

5G-Xcast_D3.2

List of Acronyms and Abbreviations
3GPP
5G
ACK
AL
AMC
ATSC
AWGN
BER
BICM
BLER
BW
CA
CB
CAS
CCE
CNR
CQI
CoMP
CORESET
CP
CR
CRC
C-RNTI
CSI
CSI-RS
DCI
DL
DMRS
DTT
eMBB
eMBMS
eNB
FEC
FFT
FR
G-RNTI
HARQ
HPHT
ICI
i.i.d.
IMT
IoT
ISD
ITU
KPI
LDPC
LoS
LPLT
LTE
LTE-M
MAC
MBSFN
MC-MM
MCS
MIB
MIMO
ML

3rd Generation Partnership Project
5th Generation
Acknowledgment
Aggregation Level
Adaptive Modulation and Coding
Advanced Television Systems Committee
Additive White Gaussian Noise
Bit Error Rate
Bit-Interleaved Coded Modulation
Block Error Rate
Bandwidth
Carrier Aggregation
Coded Block
Cell Acquisition Subframe
Control-Channel Elements
Carrier-to-Noise Ratio
Channel Quality Indicator
Coordinated MultiPoint
Control-resource Sets
Cyclic Prefix
Coding Rate
Cyclic Redundancy Check
Cell-Radio Network Temporary Identifier
Channel State Information
Channel State Information Reference Signals
Downlink Control Indicator
Downlink
Demodulation Reference Signals
Digital Terrestrial Television
enhanced Mobile Broadband
evolved Multimedia Broadcast Multicast Service
eNodeB
Forward Error Correction
Fast Fourier Transform
Frequency Range
Group-Radio Network Temporary Identifier
Hybrid Automatic Repeat Request
High Power High Tower
Inter-Carrier Interference
independent and identically distributed
International Mobile Telecommunication
Internet of Things
Inter-Site Distance
International Telecommunication Union
Key Performance Indicator
Low Density Parity Check
Line-of-Sight
Low-Power Low-Tower
Long Term Evolution
LTE for Machines
Medium Access Control
MBMS over Single Frequency Networks
Multiple Cell Mixed Mode
Modulation and Coding Scheme
Master Information Block
Multiple Input Multiple Output
Maximum Likelihood

8

5G-Xcast_D3.2

mMTC
M&E
NB-IoT
NLoS
NR
NSA
NUC
OFDM
OH
PBCH
PDCCH
PDSCH
PHICH
PRACH
PSS
PTM
PTP
PT-RS
PUCCH
PUSCH
PW
QAM
QoS
QPSK
RAN
RB
RE
REG
Rel
RF
RLC-UM
RMSI
ROM
RRM
RS
SA
SC-MM
SC-PTM
SCS
SFI
SFN
SIB
SISO
SoA
SRS
SSS
SS/PBCH
TDL
TM
TR
TS
TU-6
TV
UE
UL
URLLC
V2X
WP

massive Machine Type Communications
Media and Entertainment
NarrowBand IoT
Non-LoS
New Radio
Non-Standalone
Non-Uniform Constellation
Orthogonal Frequency Division Multiplexing
Overhead
Physical Broadcast Channel
Physical Downlink Control Channel
Physical Downlink Shared Channel
Physical HARQ Indicator Channel
Physical Random Access Channel
Primary Synchronization Signal
Point-to-Multipoint
Point-to-Point
Phase Tracking Reference Signals
Physical Uplink Control Channel
Physical Uplink Shared Channel
Public Warning
Quadrature Amplitude Modulation
Quality of Service
Quadrature Phase Shift Keying
Radio Access Network
Resource Block
Resource Element
Resource Element Group
Release
Radio Frequency
Radio Link Control-Unacknowledged Mode
Remaining System Information
Receive Only Mode
Radio Resource Management
Reference Signals
Stand-Alone
Single Cell Mixed Mode
Single Cell – Point-to-Multipoint
Subcarrier Spacing
Slot Format Indicator
Single Frequency Networks
System Information Block
Single Input Single Output
State of the Art
Sounding Reference Signals
Secondary Synchronization Signals
Synchronization Signals/PBCH
Tapped Delay Line
Transmission Mode
Technical Report
Technical Specification
Typical Urban 6 taps
Television
User Equipment
Uplink
Ultra Reliable and Low Latency Communications
Vehicular to everything
Work Package

9

5G-Xcast_D3.2

1 Introduction
5G Development Status
The first 3GPP release of 5G, i.e. Release’15 (Rel’15) has been structured in three
phases. An early drop non-standalone (NSA) version was initially approved in December
2017. This version relies on both Long Term Evolution (LTE) and New Radio (NR) air
interfaces and reuses the LTE core network. It also focuses on the user plane and makes
use of LTE for the control plane. In June 2018, a 5G stand-alone (SA) version was
specified. It additionally includes a fully 5G core network and has full user and control
plane capabilities. The last drop of Rel’15 is expected to be released at the end of 2018
and it will enable the 5G core to inter-work equally with both LTE RAN and NR RAN.
The NR air interface brings a large number of improvements compared to LTE to address
the new IMT-2020 requirements of enhanced mobile broadband (eMBB) and ultrareliable low-latency communication (URLLC) services1, as well as to cover an extensive
number of use cases for the digitalization of new industries (also known as verticals).
The main improvements in the air interface are more efficient Forward Error Correction
(FEC) codes, large bandwidths, new OFDM waveform numerologies that adapt to the
new spectrum bands and bandwidth allocations, dynamic frame structures, or massive
MIMO (Multiple-Input Multiple-Output) schemes, among others [1]. However, NR Rel’15
only supports point-to-point (PTP), which may be inefficient when transmitting the same
content to a large number of users simultaneously [2]. In fact, the deliverable D2.1 of 5GXcast [3] describes a series of use cases from 4 verticals where point-to-multipoint (PTM)
would improve the overall performance in 5G: media and entertainment (M&E), vehicleto-everything (V2X) communications, Internet-of-Things (IoT) and public warning. PTM
transmissions are also useful in other verticals such as airborne communications (e.g.
use of drones).
3GPP identified a flexible broadcast/multicast service as a basic feature to be used in
5G systems [4] and reference [5] sets out multicast/broadcast requirements in 3GPP for
next-generation access technologies. The support of broadcast and multicast
capabilities in 5G was discussed in Rel’16 and a new Study Item (SI) called “LTE-based
5G Terrestrial Broadcast” was approved. Although this SI is highly related to the project,
it is based on LTE enTV solutions. Therefore, it has been included as part of deliverable
D3.1. There are no current plans in 3GPP for the use of PTM in 5G NR where this study
has been postponed, at least, to Rel’17.

Objectives of the document
This deliverable presents the 5G-Xcast air interface that enables the use of multicast and
broadcast in 5G NR. In addition to the 3GPP requirements provided in [4] and [5], it also
considers the limitations of eMBMS Rel’14 analysed in D3.1 [6] and published in [7]. This
deliverable also leverages on D3.3 and D3.4, which define the RAN logical architecture
and RAT protocols to enable PTM in NR respectively.
Following the approach envisaged in 3GPP, two different tracks have been identified for
PTM in 5G: a NR mixed mode with multicast capabilities [8] and a terrestrial broadcast
mode similar to the LTE enTV mode proposed for Rel’16 but with a new 5G air interface
[9]. Both modes differ in the degree of resemblance to the adopted NR PTP air interface.
While the former enables dynamic and seamless switching between PTP and PTM
transmissions, the latter enables a dedicated downlink-only network suitable for Digital
1

IMT-2020 requirements for massive Machine-Type Communications (mMTC) will be addressed with LTE
IoT (Internet-of-Things) solutions LTE-M (LTE for Machines) and NB-IoT (Narrow-Band IoT).
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Terrestrial Television (DTT) in High-Power High-Tower (HPHT) and/or Low-Power LowTower (LPLT) deployments. It also permits nationwide TV distribution over SFN areas.
The 5G-Xcast mixed mode, on the other hand, is envisaged for the different verticals
considered in the project. The use of DL-only services would additionally permit to
allocate other services in the remaining part of the spectrum.

Structure of the document
This document is structured as follows. Chapter 2 provides as a background a high-level
description of the 5G NR air interface as specified in 3GPP for unicast. Chapter 3
describes in detail the extensions considered in 5G-Xcast for the use of broadcast in 5G.
NR Rel’15 unicast is evaluated in Chapter 4 against the IMT-2020 Key Performance
Indicators (KPIs) and requirements. The 5G-Xcast PTM air interfaces are also evaluated
in Chapter 5 in order to demonstrate their potential benefits and improvements compared
to unicast. Chapter 6 summarises the findings of this work. Additionally, Annex A
describes in detail the block diagrams of the NR physical downlink channels that have
been evaluated. Annex B provides the calibration results obtained to validate the
simulators used in this deliverable.
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2 5G Point-to-Point Air Interface Overview
This section provides a brief description about the current physical layer of the NR Pointto-Point (PTP) solution. Frame structure, physical downlink channels as well as
acquisition and feedback procedures are described in the following subsections.

Frame Structure
Both downlink and uplink physical channels in NR are organized into frames with 10 ms
duration each. Frames are divided in turn in 10 subframes, with each subframe having a
fixed duration of 1 ms. The number of OFDM symbols in a subframe will depend on the
carrier spacing in the frequency domain, which is directly linked to the term numerology,
and the type of cyclic prefix (CP). Multiple numerology options are defined by µ, a
positive integer factor. OFDM symbols are also grouped in slots. With normal CP each
slot conveys 14 OFDM symbols. With extended CP (only available with numerology
µ=2), there are 12 OFDM symbols per slot. An illustrative example of framing structure
for numerology µ=0 is shown in Figure 1.

Figure 1. NR Framing structure (µ = 0).
In the frequency domain, each OFDM symbol contains a fixed number of subcarriers.
This number also depends on the numerology selected, but also on the total bandwidth.
Note that each OFDM symbol can be assigned to downlink or uplink transmissions
depending on the Slot Format Indicator (SFI), which allows flexible assignment for Time
Division Duplex (TDD) or Frequency Division Duplex (FDD) operation modes. In any
case, a Resource Element (RE) is defined as 1 subcarrier in a OFDM symbol, and a
Resource Block (RB) is defined as a group of 12 REs in frequency. The REs are
separated with a specific carrier spacing (SCS), calculated as follows:
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𝑆𝐶𝑆 = 2𝜇 · 15 𝑘𝐻𝑧

(1)

The influence of different numerologies on the framing parameters is shown in Table 1.
Table 1. 5G air interface parameters: numerology (μ), subcarrier spacing, useful
symbol duration (TU), CP duration (TCP) and slots per subframe.
SCS
μ
TU (μs)
Type CP
TCP (μs)2
Slot (μs) slots/subframe
(kHz)
0
15
66.66
Normal
5.21/4.69
1000
1
1
30
33.33
Normal
2.60/2.34
500
2
Normal
1.30/1.17
250
4
2
60
16.66
Extended
4.16
250
4
3
120
8.33
Normal
0.65/0.59
125
8
4
240
4.17
Normal
0.33/0.29
62.5
16
Different bandwidths are available depending on the different frequency ranges [10].
While FR1 (450 MHz - 6 GHz) allows bandwidths from 5 MHz up to 100 MHz, FR2 (24.25
GHz - 52.6 GHz) offers values from 50 MHz up to 400 MHz. A more detailed explanation
is provided in Section 3.

Physical Channels and Signals
Channels are known as flows of information transmitted between different protocol
layers. Thanks to them, the different types of data are separated and transported across
different layers. Whereas physical channels carry MAC layer information, physical
signals are only used by the physical layer. The physical channels and signals for
downlink and uplink transmissions are described next.

2.2.1 Physical Downlink Channels and Signals
Different physical channels and signals are used in downlink transmissions depending
on its functionality:
 Physical Broadcast Channel (PBCH): Transmits the static part of the System
Information (SI), known as the Master Information Block (MIB), to all the UEs
requiring to access the network.
 Physical Downlink Control Channel (PDCCH): Specifies the scheduling and
allocation of the data content for every UE that requests it. It also configures HARQ
retransmission, link adaptation and MIMO parameters.
 Physical Downlink Shared Channel (PDSCH): Transmits the data content to the
UE and the System Information Blocks (SIBs).
 Primary and Secondary Synchronization Signals (PSS, SSS): Together with
PBCH they are needed for allowing the UE network access. Specifically, provide
radio frame timing information and Cell ID at the initial cell search. In addition, they
are also used for the beam management in IDLE state.
 Demodulation Reference Signals (DMRS): Used for the channel estimation in
order to allow the proper demodulation of PBCH, PDCCH and PDSCH.
 Phase Tracking Reference Signals (PT-RS): Used to estimate the phase noise in
the PDSCH. They are only used at high frequency ranges (FR2).
 Channel State Information Reference Signals (CSI-RS): Used to provide channel
state information (CSI) needed for link adaptation. It is also used for beam
management in CONNECTED state.

2

For Normal CP, two CP lengths are (first OFDM symbol / rest of OFDM symbols).
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Figure 2. Framing structure for SFI=0 (10 subframes, 100% downlink).
Physical channels and signals are allocated in a frame as shown in Figure 2. In this
particular case, the SFI value is 0, which means that the 14 OFDM symbols are allocated
to the downlink. From this figure, the physical channels and physical signals are allocated
as follows:
PSS / SSS / PBCH / PBCH-DMRS:
Grouped in SS/PBCH blocks, where each SS/PBCH block consists of 240 subcarriers
and 4 OFDM symbols [11]. PSS signals are allocated in the first OFDM symbol within a
SS/PBCH block, while SSS signals are distributed across the third OFDM symbol. The
PBCH and PBCH-DMRS signals are transmitted in the second, third and fourth OFDM
symbol. Cells set to 0s are used as padding to complete the block structure. There are
four available numerology options within the block, µ = {0,1,3,4}, which are selected
depending on the frequency range. The allocation of SS/PBCH blocks in the frequency
domain is specified by the higher-layer parameter ssb-subcarrierOffset. In the time
domain, SS/PBCH blocks are sent in periodical burst sets, where the number of
SS/PBCH blocks transmitted in each burst (number of antenna beams) depends on the
numerology and the frequency band of operation [12]. An example of SS/PBCH block
allocation within a slot is given in Figure 3.
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Figure 3. SS/PBCH block allocation within a slot
PDCCH:
The control information specifies the data scheduling and allocation for each UE by
means of the Downlink Control Information (DCI). This information is mapped within the
PDCCH in one or more control-channel elements (CCE). The number of CCEs allocated
in the PDCCH depends on the Aggregation Level (AL), which has five possible values
{1,2,4,8,16}. Each CCE consists of 6 REGs, where a REG is defined as one RB allocated
in one OFDM symbol. REGs are mapped in control-resource sets (CORESETs) for a
given numerology. The total number of REGs associated to each UE is mapped within
PDCCH in CORESETs packets allocated in a specific control region. Hence, the
minimum CORESET length is equal to 6 RBs x 12 REs/RB = 72 REs (1,2 MHz for µ =
0). The allocation of CORESETs in the frequency domain is specified by higher-layer
parameters. Regarding the time domain allocation, CORESETs can be transmitted at
OFDM symbols 0,1 or 2 of subframes which do not contain SS/PBCH blocks. CORESET
content can be distributed at most over three consecutive OFDM symbols, depending on
high layer parameters. CORESET also includes DMRS signals to allow the correct
demodulation of the PDCCH. Figure 4 (left) illustrates a possible CORESET allocation
with AL = 1.
PDSCH:
It contains SIBs and data content from the DL-SCH transport channel. In particular,
PDSCH is distributed in the remaining REs where the SS/PBCH and PDCCH are not
allocated. The number of RBs associated to PDSCH transmissions depends on the
available bandwidth and numerology. As for PBCH and PDCCH, PDSCH also includes
DMRS in order to ease the demodulation process. DMRS allocation depends on the
selected DMRS pattern. In addition, PDSCH also includes PT-RS and CSI-RS. An
example of PDCCH and PDSCH allocation as well as RS is shown in Figure 4 (right).
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Figure 4. CORESET allocation with AL = 1 (left) and PDSCH resources in a slot (right).

2.2.2 Physical Uplink Channels and Signals
Different physical channels and signals are also used in the uplink:
 Physical Random Access Channel (PRACH): Used by the UE to request the
uplink initial access. It is also used during the beam management process.
 Physical Uplink Control Channel (PUCCH): Carries Uplink Control Information
(UCI). UCI contains different information such as CSI, HARQ retransmission and
scheduling requests.
 Physical Uplink Shared Channel (PUSCH): Transmits the data content to the gNB.
Optionally, it can also convey UCI transmissions.
 Demodulation Reference Signals (DMRS): Used for the channel estimation in
order to allow the proper demodulation of PUCCH and PUSCH.
 Phase Tracking Reference Signals (PT-RS): Used for the same functionality than
in downlink case.
 Sounding Reference Signals (SRS): It is equivalent to CSI-RS for uplink.
Therefore, it provides CSI to the gNB in order to configure link adaptation and
scheduling at the UL.

Acquisition Procedure
Acquisition is a basic procedure that enables the connection of UEs to the network and
provides basic information required to receive the data information carried in the PDSCH.
The acquisition procedure involves the use of PSS, SSS, PBCH, PDCCH, PDSCH and
PRACH as shown in Figure 5.
The acquisition procedure starts when the UE receives the SS/PBCH block. It includes
PSS and SSS, which provide frame synchronization and information of the physical cell
identity. Both synchronization signals are transmitted together with the PBCH. PBCH
payload contains a Master Information Block (MIB), which provides minimum system
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information to all UEs. It also specifies the parameter configuration needed to access the
Remaining System Information (RMSI) CORESET, which is sent over the PDCCH. An
RMSI CORESET carries a special DCI to provide the System Information Block 1 (SIB1)
scheduling. SIB1 contains information related to the availability and scheduling of other
SIBs within the cell (whether they are provided via periodic broadcast basis or only ondemand basis) [13]. SIB1 is sent over PDSCH.

Figure 5. NR Rel’15 acquisition procedure.
When UEs request a particular SIB, the PRACH uplink channel starts the initial access
with message 1 (Msg 1). Following the initial access request, gNB sends a random
access response (Msg 2) through PDCCH and PDSCH. Then, the UE requests the RRC
connection with Msg 3, sent via PUSCH. RRC Connection is carried through a message
exchange process. Once RRC Connection has been completed, the UE acquires the
Cell-Radio Network Temporary Identifier (C-RNTI), which uniquely identifies the link
between the gNB and the UE. Afterwards, gNB sends in the PDCCH the DCI, which is
CRC encoded and specifies where specific data is scheduled. The CRC sequence is
scrambled by the C-RNTI, which disables the reception of the serving UE content for the
rest of UEs. Once the DCI is decoded, the UE obtains the data allocation inside the
PDSCH. Finally, the UE accedes to its corresponding data region, which is also
scrambled with the C-RNTI.

Feedback
Feedback procedures are possible thanks to the uplink. They are also known as link
adaptation schemes. The three main link adaptation schemes are: Hybrid Automatic
Repeat Request (HARQ), Adaptive Modulation and Coding (AMC), and Close-Loop
MIMO.
 HARQ: used to perform physical layer retransmissions enabling transmitters to
provide higher code rates for a fixed MCS selection while decreasing the number of
received errors. HARQ ACK are transmitted in PUCCH, while data retransmissions
are sent via PDSCH.
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 AMC: adaptive MCS selection mechanisms that provide significant spectral
efficiency gains by means of CSI, Channel Quality Indicator (CQI) and HARQs. [14].
The UE feedback is typically utilized by two adaptation mechanisms: inner loop link
adaptation (ILLA), and outer loop link adaptation (OLLA). ILLA adjusts the
modulation and coding scheme (MCS) explicitly based on the CQI feedback, using
a predefined MCS table. Since it is unusual that ILLA alone can ensure the desired
block error rate (BLER), due to various inaccuracies in the CQI measurement and
reporting, OLLA is used to fine-tune the MCS selection. Essentially, it observes the
HARQ feedback provided by the UE and calculates a correction factor for the CQI
accordingly. ILLA then uses this corrected CQI to determine the optimal MCS, and
the desired BLER is thereby achieved.
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3 5G Point-to-Multipoint Air Interface Design
Introduction
Deliverable D3.1 [6] of this project analysed a series of limitations from the air-interface
perspective in Release 14 LTE-Advanced Pro. This technology provides two broadcast
mechanisms, i.e. Single-Cell Point to Multipoint (SC-PTM) and Multicast Broadcast SFN
(MBSFN). D3.2 will consider these limitations in order to overcome them. Although a
more efficient and advanced air-interface in Rel’15 will improve some of the limitations
found in LTE, other limitations should be overcome through the design of specific
solutions for the use of broadcast and multicast.

3.1.1 Summary of RAN Technical Requirements
The 5G-Xcast solution should provide a flexible and optimized RAN, able to adapt to the
specific constrains of the relevant four vertical sectors considered in the project. In
particular, the 5G-Xcast RAN should allow optimizing radio resources as well as
providing further interactivity through enhanced PTM (broadcast/multicast)
transmissions and feedback mechanisms from the users. The RAN solution should
provide flexibility on the available waveform parameters (OFDM parameters such as CP
and inter-carrier spacing) to allow different types of network deployments such as HPHT
and LPLT. This would allow the system to efficiently use the best network to provide
better coverage in different environments, such as indoor, outdoor, fixed or vehicular.
A flexible RAN would also facilitate the orchestration of the network to provide a
seamless experience when the users move across environments. With the increased
quality of video formats (e.g., UHDTV) and new experiences such as Virtual Reality (VR)
broadcast, the new RAN requires significantly larger data rates from both physical layer
(i.e., advanced signal processing algorithms and use of MIMO) and network deployment
point of views (i.e., efficient use of frequency reuse).
Efficient PTP/PTM multiplexing techniques in the same frequency band as well as the
ability to switch between them can unlock the potential of the use cases identified in
WP2. It is key that the new PTM configuration does not imply significant changes neither
to the radio air interface nor to the radio technology protocols. This will facilitate the
integration of PTM transmissions in 5G.
New use cases such as VR broadcast and remote live production require Gbps
communications and extremely low latencies. Furthermore, they may require the use of
new frequency bands with wide bandwidth allocations. The 5G-Xcast RAN solution
should not be restrictive on the type of frequency bands to allow these use cases. On
the other hand, PW and IoT use cases require significantly less data rates than the
previous aforementioned cases. Instead, they require high reliability and low energy
consumption requirements, and the 5G-Xcast RAN solution should support them thanks
to a flexible frame configuration.

3.1.2 Summary of Potential Limitations of LTE Broadcast RAN
The LTE eMBMS RAN is configured with rigid OFDM numerology parameters that limit
the type of network deployment. Both MBSFN and SC-PTM Rel’14 solutions suffer these
limitations. This naturally hinders LTE eMBMS in supporting the requirements of different
network deployments, such as high coverage and high mobility in large area
deployments for the hybrid broadcast service. Note that some of the requirements are
challenging even for current 5G Rel’15 PTP technology, such as the extremely high data
rate and low end-to-end latency required in the virtual/augmented reality broadcast or in
the remote live production scenarios. In addition, the lack of feedback channels in some
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of the LTE eMBMS modes, e.g. LTE enTV, may disable the essential features of the
network, e.g., supporting dynamic optimisation of resource allocation or providing useful
audience metrics. Compared to ATSC 3.0 and DVB technologies such as DVB-NGH,
where spatial multiplexing techniques, longer CPs and high constellation sizes are
available, eMBMS Rel’14 is very limited and unable to support certain network
deployments, e.g., large area deployment with high spectral efficiencies.
The setup of an MBSFN area and related radio parameter configurations within the RAN
is currently done statically, thereby limiting the dynamic provisioning of such services
based on real-time traffic demands. Additionally, eMBMS requires a separate user-plane
infrastructure for connectivity of the RAN with the core network as well as for special
MBSFN subframes over the air interface. While SC-PTM enables scheduling of data
using PDSCH, the infrastructure requirements are similar to MBSFN. These aspects lead
to a significantly large footprint in added infrastructure investments for the network
operator as well as additional implementation complexity in the UE. Furthermore, this
prompts the requirement of special middleware for reliable reception of such data.
One of the key design principles adopted for the 5G RAN design would be to limit the
added footprint for delivering PTM services over the existing PTP infrastructure and
physical layer design. This would limit investment costs and implementation complexity.
Currently, the LTE eMBMS radio session setup procedure is complex and timeconsuming. This requires simplification in 5G for enabling fast and efficient 5G-Xcast
RAN sessions.

Single Cell Mixed Mode (SC-MM)
The 5G-Xcast project has designed an extension of the 5G Rel’15 air-interface to enable
the dynamic allocation of unicast and multicast resources within a single cell. This
extension is called Single-Cell Mixed Mode (SC-MM). SC-MM has been designed
considering the current 5G NR Rel’15 unicast air interface as a reference. It reuses as
much as possible the existing air interface components, i.e. coding, framing, scheduling
and physical channels employed, but also includes some mandatory modifications to
enable PTM services and transmit them in the most efficient way.
Only some changes are introduced in the physical control channels, i.e. PDCCH and
PUCCH. Regarding the PDCCH, in addition to the C-RNTI already provided for unicast,
a new temporary identifier defined as Group-RNTI (G-RNTI) is proposed in order to
enable scheduling and channel acquisition for entire groups of users. This modification
leads to the definition of a new DCI format for PTM. The potential use of only one
CORESET in order to minimize the PDCCH overhead and therefore maximize the
PDSCH resources is also analysed. In the uplink, an efficient use of feedback for group
communications may also be needed in the PUCCH to efficiently ensure adequate QoS
per group of users (e.g. via link adaptation schemes and HARQ retransmissions).

3.2.1 Modifications Introduced in the Downlink (PDCCH)
The C-RNTI plays a key role in the reception of scheduling information and descrambling of data. Based on this mechanism, it is possible to define a common identifier,
G-RNTI, so that several UEs interested in the same content transmitted over a single
cell can be easily grouped. The G-RNTI should be acquired during the RRC connection,
as done with the C-RNTI. When UEs acquire a G-RNTI, the corresponding CRC is
descrambled and the DCI is decoded. DCIs can be configured with different formats. The
5G-Xcast project has considered the use of the DCI Format 1_0 for the SC-MM, which
is based on the PTP downlink format and offers a useful payload of 30 bits. However,
new DCI formats particularly designed for PTM communications could additionally be
considered.
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The introduction of the G-RNTI enables a dynamic scheduling between PTP and PTM
within the PDSCH channel, thus allowing to create a flexible and scalable air interface
solution. The basic mechanism behind this process is illustrated in Figure 6.

Figure 6. C-RNTI for PTP versus G-RNTI for PTM communications.
In PTM transmissions, a DCI could be transmitted within a single CORESET for a group
of UEs interested in the same content. This solution avoids replication and a transmission
where several CORESETs announce the same data to all users. This modification
reduces considerably the PDCCH overhead within a NR frame. As an example, Table 2
shows the number of REs in CORESETs needed for PTP with different numbers of UEs,
and compares the results to the SC-MM solution proposed. Naturally, the larger the
number of users, the higher the overhead reduction introduced. For instance, when 10
UEs request the same content, the PDCCH overhead is reduced a 90%.
Table 2. Number of Resource Elements (REs) allocated for PDCCH CORESET with
different number of UEs for PTP and SC-MM.
Number of
UEs

Number of
REs PTP

Number of
REs SC-MM

2
3
5
10

144
216
360
720

72

Overhead
Reduction
(%)
50%
66%
80%
90%

3.2.2 Modifications Introduced in the Uplink (PUCCH)
Additionally, new uplink mechanisms such as AMC link adaptation or HARQ
retransmissions can be adopted to enable a more efficient SC-MM. Link adaptation is
performed over groups of users depending on the number of requests. If few UEs
demand the same content in the same cell, AMC is performed based on CSI feedback.
However, if the number of UE requests is fairly large, it is assumed that the selected
MCS fulfils the majority of UEs requirements. It can be shown that if the number of UEs
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is sufficiently large, at least one of them experiences very poor link quality, and thereby
only a more robust MCS needs to be considered. In the simplest case with a very large
number of UEs requesting the same content, a fixed MCS can be chosen based on a
statistical BLER requirement. In such a case, no feedback is therefore necessarily
required. The use of link adaptation schemes can be considered as one the most efficient
feedback solutions in multicast contexts [14]. Section 5.2.2.1 of D3.4 [15] conducts link
adaptation analysis for PTM transmission with heuristic fixed offsets as well as adaptive
MCS via CQI report from a UE that has the worst radio link, SU-MIMO Precoding Matrix
Indicator (PMI) and Rank Indicator (RI) settings. It was found that the cyclic PMI
outperforms 95% coverage as compared to fixed PMI for rank 1 and the diversity benefits
of rank 2 are exhibited at lower packet loss rates for the same PMI setting, but saturate
at higher packet loss rates. In addition, it was also shown that for adaptive MCS, the
worse-UE PMI settings outperform cyclic PMI settings.
Group HARQs can be additionally considered for the SC-MM solution. When several
UEs request a HARQ/ACK retransmission via PUCCH, gNB sends a joint retransmission
via PDSCH to all of them. Different studies have proved that HARQ feedback provides
noticeable performance improvements in SC-PTM systems. However, the use of HARQ
may also introduce some limitations depending on the number of UEs requests.
Considerable overheads and latency may be introduced when large numbers of UEs ask
for retransmissions [17]. In addition, the use of HARQ also requires of an increase of the
buffer capacity at the transmitter and the receiver to store the different packet
retransmissions.

Multiple Cell Mixed Mode (MC-MM)
One of the main drawbacks in SC-MM is the inefficiency to cover multiple cell areas due
to inter-cell interferences encountered at the cell edge. The coverage can be drastically
extended by means of multiple cell coordination. Two different mechanisms can be
adopted in this case. The first one is called Coordinated MultiPoint (CoMP), and its study
is studied in task 3.4 (Radio Resource Management). The second mechanism is a Single
Frequency Network (SFN) deployment, which affects the air-interface. This mechanism
is considered in this section and has been included as part of the Multiple-Cell Mixed
Mode (MC-MM). MC-MM takes the SC-MM air interface design as a baseline and adds
some modifications on the cell specific scrambling sequence to support SFN capabilities.
This section additionally analyses the coverage improvements that this additional mode
could bring, as well as the potential benefits of a feedback coordination between serving
cells.

3.3.1 Common Cell Scrambling Sequence
A cell specific scrambling sequence is a pseudo-random process used to determine the
control, data and DMRS positions. The initialization of the scrambling sequence depends
𝑛
on the 𝑁𝐼𝐷𝑆𝐶𝐼𝐷 parameter and can be performed in two ways. It can be defined as the
𝑛
𝑐𝑒𝑙𝑙
𝑐𝑒𝑙𝑙
physical layer cell ID, 𝑁𝐼𝐷𝑆𝐶𝐼𝐷 = 𝑁𝐼𝐷
. 𝑁𝐼𝐷
, which depends on the PSS and SSS chosen
by the network operator for a specific cell. From a MC-MM perspective, with this option
each cell will have a different scrambling sequence and cell coordination will not be
𝑛
achieved. Alternatively, the scrambling sequence initialization 𝑁𝐼𝐷𝑆𝐶𝐼𝐷 can be forced to a
𝑛𝑆𝐶𝐼𝐷
certain value, 𝑁𝐼𝐷
∈ {0, 1. , … , 65535}, which is given by the higher-layer parameter
DL-DMRS-Scrambling-ID. 5G-Xcast has selected this method to allow multi-cell
synchronized transmissions, since MC-MM initializes the same scrambling sequence for
all serving cells.
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3.3.2 Negative Numerologies and Extended CP
SFN scenarios are limited by the CP length, which in turn depends on the numerology.
The CP is directly related to the maximum inter-site distance (ISD) permitted between
transmitters. As Table 3 shows, only ISDs of up to 1.4 km can be reached if the
numerologies from 5G NR Rel’15 unicast are reused for MC-MM.

Table 3. Maximum ISD with 5G NR Rel’15 unicast numerologies.

0
1

SCS
(kHz)
15
30

2

60

3
4

120
240

μ

Type CP

CP (μs)

ISD (km)

Normal
Normal
Normal
Extended
Normal
Normal

4.69
2.34
1.17
4.16
0.59
0.29

1.41
0.70
0.35
1.25
0.18
0.09

Although these ISD values are suitable for some specific scenarios such as stadiums,
campus or malls, other larger scenarios such as urban and rural environments require
higher ISD values not fulfilled with current numerologies. Naturally, a set of different
enhancements may be introduced to introduce longer ranges in SFN operations.
The use of negative numerologies combined with extended CPs represent one of the
main improvements to achieve this goal. Negative numerologies are selected through
negative integer values for µ. A negative µ implies a narrower subcarrier spacing, longer
OFDM symbol length and therefore a longer cyclic prefix, directly equivalent to larger
ISD distances in SFN environments. The combination of this concept with the use of an
extended CP of 1/4 (only available in PTP for µ = 2), may increase even more the SFN
coverage.
The main problem encountered with negative numerologies is the framing limitation.
Since 5G framing defines a fixed duration per subframe of 1 ms with a fixed number of
OFDM symbols per slot, the number and duration of slots are affected by the numerology
(See Section 2.1). With negative numerologies, the slot duration increases and slots
span over more than one subframe in the time domain. Due to the slot expansion,
small changes would need to be introduced in the framing structure to create a solution
compatible with negative integer numerologies. According to [18], a mini-slot structure
would enable the use of negative numerologies, with slots spanning over different
subframes or even frames. Mini-slots are a small framing unit formed by a group of 2, 4
or 7 OFDM symbols (normal frames are formed by 14 symbols). They offer a better
granularity and flexibility, as well as lower latencies that may benefit some 5G scenarios
[19].
An example of compatible solution to integrate mini-slots in 5G negative numerology
framing is shown in Figure 7. When numerology µ = - 1 and extended CP are selected,
mini-slots cover two OFDM symbols. In order to occupy the whole slot length, six minislots are required. With µ = - 2, mini-slots can group up to four OFDM symbols with three
mini-slots filling each slot.
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Figure 7. Mini-slots considered for numerologies -1 and -2.
As Figure 8 shows, if larger numerology values are considered, the number of mini-slots
required to fill the slot structure is not an integer. This limits the use of negative
numerologies to the value -2. In 5G-Xcast, only numerologies µ = 0, µ = - 1 and µ = - 2
are considered as compatible solutions with a mini-slot frame structure.

Figure 8. Mini-slot for numerology -3 and incompatibility with 5G Rel’15.
Table 4 shows the symbol duration, extended CP duration and ISD obtained when using
negative numerologies with values down to µ = - 2.
Table 4. Extended cyclic prefixes for 5G negative numerologies.
μ
0
-1
-2

SCS (kHz)
15
7,5
3,75

TU (μs)
66,6
133,3
266,6

TCP (μs)
16,6
33,3
66,6

ISD (km)
5
10
20

CP overhead (%)
20

The use of an extended CP allows to deploy SFNs in small, medium and large cells for
LPLT environments with a constant CP overhead (𝑂𝐻𝐶𝑃 ):
𝑂𝐻𝐶𝑃 =

𝑇𝑈
= 0.2
𝑇𝑈 + 𝑇𝐶𝑃

(2)

Negative numerologies can bring additional restrictions such as a narrower subcarrier
spacing and therefore longer OFDM symbol duration. This aspect may limit the mobility
conditions, introducing noticeable vulnerability to high-speed scenarios due to Doppler
shifts. Furthermore, large FFT sizes are required and consequently the complexity of the
system increases.
Based on the scalable numerology solution, specific control regions and reference signal
patterns need to be defined for the different subcarrier spacing configurations. With 5G
PTP Rel’15, the PDCCH can be allocated at the first three OFDM symbols in every slot.
Considering the reduction in the number of OFDM symbols obtained as a result of the
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negative numerologies, PDCCH will be allocated at the first one or two OFDM symbols,
depending on the new numerology configuration.

3.3.3 Channel Estimation
New DMRS signals need to be designed as well to enable the channel estimation
process in large SFN areas. Patterns can be defined by 𝐷𝑥 , which is the separation of
reference signals along different OFDM symbols in frequency domain, and 𝐷𝑦 , which
specifies the separation of reference signals for the same subcarrier in time domain. 𝐷𝑥
and 𝐷𝑦 directly influence the Nyquist limit (𝑇𝑃 ) and the maximum mobility tolerance
(𝑓𝐷𝑙𝑖𝑚𝑖𝑡 ), which at the same time affects the SFN operation performance. This impact is
shown as follows:
𝑇𝑃 =
𝑓𝐷𝑙𝑖𝑚𝑖𝑡 =

𝑇𝑈
𝐷𝑥
1

2𝐷𝑦 (𝑇𝑈 + 𝑇𝐶𝑃 )

(3)

(4)

MC-MM maintains the same physical channels in order to keep a backwards
compatible philosophy with 5G NR Rel’15 and the SC-MM defined in Section 3.2. As a
consequence, the DMRS patterns from 5G NR unicast are reused as shown in Figure 9.
It additionally shows an example of the control region allocation.

Figure 9. MC-MM Control region and DMRS patterns for negative numerologies.
The use of the same DMRS pattern for all numerology configurations logically leads to
1
the same DMRS overhead (𝑂𝐻𝐷𝑀𝑅𝑆 =
= 0.1666). More details about the DMRS
𝐷𝑥 𝐷𝑦

patterns considered for the MC-MM solution are given in Table 5.

25

5G-Xcast_D3.2

Table 5. MC-MM Reference Signal Patterns
μ
0
-1
-2

SCS
(kHz)
15
7,5
3,75

𝑫𝒙 𝑫𝒚 Overhead (%)

𝐓𝐮 (μs)

CP (μs)

𝐓𝐩 (μs)

𝒇𝑫𝒍𝒊𝒎𝒊𝒕 (𝑯𝒛)

2

66,66
133,33
266,66

16,66
33,33
66,66

33,33
66,66
133,33

2000
1000
500

3

16,66

The obtained Nyquist limits do not imply a limitation in the SFN operation since they are
larger than the corresponding CP. Regarding the maximum mobility conditions, the
obtained speed limit is set up to 771 km/h (µ = -2) and 3085 km/h (µ = 0) in a frequency
range of 700 MHz and up to 135 km/h (µ = -2) and 540 km/h (µ = -2) in the range of 4
GHz.

3.3.4 Feedback
Link adaptation schemes used in SC-MM are here reused. Moreover, this mode
considers feedback coordination between cells in multi-cell environments. While in SCMM HARQ retransmissions are done via PDSCH from a single gNB, MC-MM may
require coordinated retransmissions from more than one gNB depending on the UE
location. For example, HARQ efficiency for one UE located between multiple serving
cells may be increased if coordinated retransmissions are received from multiple gNBs.
Nevertheless, in a multi-cell scenario, it is very likely to have reliable delivery calls for a
very robust fixed MCS when a large number of UEs receive the same content. In that
case, the role of feedback might not be crucial. Similar to SC-MM, a fixed MCS chosen
in a statistical manner could be used, rendering any uplink feedback unnecessary.

Terrestrial Broadcast Mode
The Terrestrial Broadcast (TB) mode in this deliverable refers to the air interface
configuration that enables a dedicated transmission for media delivery (e.g. TV services)
in a static manner and without the need for UEs to register/attach to the network (DL
only). This topic will explore the required modifications to the NR air interface to enable
the provision of large area coverage (national scale), high spectral efficiency with
reduced overhead and the possibility to cover diverse scenarios with either fixed rooftop
or high mobility reception.
The TB mode will go from more cellular-oriented LPLT to traditional broadcast HPHT
deployments. One of the solutions to provide large coverage areas is the use of SFN
networks. This mode represents and evolution of the 5G NR air interface and breaks
some of the backwards compatible rules in order to cope with the stringent IMT coverage
requirements for 5G.

3.4.1 PTBCH with Compatible SCS and Extended CP
The design of a TB mode is strictly necessary to cover ISDs higher than 100 km, thus
fulfilling one of the 3GPP requirements to enable broadcast transmissions in 5G NR [5].
To meet this requirement, some changes over the physical layer structure inherited from
the unicast 5G NR specifications are needed. As shown in Section 3.3, the design of
negative numerologies and mini-slots in the same physical channels (PDCCH and
PDSCH) allows to cover up to 20 km of ISD. Nevertheless, this approach is limited by
some framing incompatibilities that hamper the provision of services for larger SFN
areas.
For this reason, the TB mode in 5G-Xcast includes a new physical channel called
Physical Terrestrial Broadcast Channel (PTBCH). It permits to introduce new cyclic
prefixes, reference signals and SFN control regions in the 5G NR physical layer in a
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more flexible way, at the expense of breaking the backwards compatibility with 5G NR
PTP, SC-MM and MC-MM.
Three extended CP combinations are proposed to cover ISDs from 30 km up to 120 km.
Wider CP values naturally are associated to narrow subcarrier spacing values. The set
of CP values is shown in Table 6.

Table 6. Terrestrial Broadcast new numerologies and extended CP combinations.
SCS (kHz)

TU (μs)

TCP (μs)

2,5
1,25
0,625

400
800
1600

100
200
400

OFDM Symbols per
subframe
2
1
1 (subframe: 2 ms)

ISD (km)

Overhead
(%)

30
60
120

20

As it can be seen, these CP combinations allow covering different ISDs while keeping
the CP overhead of 20% from previous designed modes. The specific case of 0,625 kHz
SCS needs an additional change, with each subframe having 2 ms length (5
subframes per frame).

3.4.2 Channel Estimation
The introduction of new SCS configurations leads to the design of specific DMRS
patterns to ease the channel estimation process in large scale SFN scenarios. Thanks
to the creation of a PTBCH, it is possible to create specific patterns able to optimize the
equalization interval length and the maximum mobility tolerance easily. Dense patterns
increase the SFN equalization interval and mobility tolerance at the expense of
introducing larger overheads. The DMRS allocation in PTBCH is shown in Figure 10.

Figure 10. PTBCH DMRS Patterns

27

5G-Xcast_D3.2

Table 7 shows the proposed DMRS patterns. These patterns permit longer equalization
intervals while keeping the same overhead, i.e. 16.66 %, with all possible configurations.
The TB mode is also able to cope with high mobility conditions due to the dense pattern
design in time domain (𝐷𝑦 = 2). In particular, the introduction of a CP of 100 µs supposes
a good alternative when high mobility requirements are needed. According to the
obtained Doppler limits, speeds up to 192 km/h (SCS = 0.625 kHz) and 771 km/h (SCS
= 2.5 kHz) for 700 MHz and up to 33 km/h (SCS = 0.625 kHz) and 135 km/h (SCS = 2.5
kHz) for 4 GHz are supported.
Table 7. Terrestrial Broadcast DMRS patterns
SCS
(kHz)
2,5
1,25
0,625

𝑫𝒙 𝑫𝒚 Overhead (%)
3

2

16,66

𝐓𝐮 (μs)

CP (μs)

𝐓𝐩 (μs)

𝒇𝑫𝒍𝒊𝒎𝒊𝒕 (𝑯𝒛)

400
800
1600

100
200
400

166.66
266.66
533.33

500
250
125

Terrestrial Broadcast also includes the design of a specific control region to enable the
100% allocation and correct reception of SFN content transmitted in the PTBCH within
the 5G NR frame. This control region, envisaged as 5G Cell Acquisition Subframe (5G
CAS), is sent in 1 out of 40 subframes and conveys PSS, SSS, PBCH, PDCCH and
PSCH content. 5G CAS is designed over the MC-MM physical layer design and therefore
it reuses the negative numerology and extended CP approach. Nevertheless, 5G CAS
use may limit the SFN coverage area. While the reuse of MC-MM physical layer only
allows to cover ISDs up to 20 km, Terrestrial Broadcast enables coverage areas up to
120 km. As a consequence, while 5G CAS performance may be affected by SFN selfinterference when echoes arrive outside CAS CP, PTBCH may not be affected due to its
larger CP configuration. However, the 5G CAS carries lower bit rates than the PTBCH
and it should be designed with robust MCS and coding schemes that allow coping with
the higher SFN self-interference.

Figure 11. 5G NR Control Acquisition Subframe
The transmission of 5G CAS in 1 out of 40 subframes supposes the introduction of 2.5%
signalling overhead.

MIMO Techniques
In this section, a general overview of the MIMO precoding for multicast and broadcast is
given, in the context of physical layer techniques for PTM transmissions, aiming to
provide some insightful guidelines for the implementation of MIMO techniques in
broadcasting and multicasting. The first subsection considers the situation when the
transmitter has channel state information (CSI) of the channel coefficients experienced
by the UEs, while the second subsection considers the situation where the transmitter
has no knowledge of the CSI.
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3.5.1 MIMO precoding with CSI at the Transmitter
In general, precoding techniques aim for achieving PHY multicasting, where multiple
information are conveyed for multiple groups of users. This translates to PTP
transmission, when each group has a single user and to PTM when multiple users belong
to a single multicast group. Different studies categorised precoding techniques based on
different characteristics; however here we divide them into two main categories:
linear/non-linear techniques as well as optimisation-based techniques, which are present
in what follows.
3.5.1.1 Linear and Non-Linear Precoding Techniques
Closed-form precoding techniques are generally divided into two main categories,
namely into linear techniques [20] and non-linear techniques [21]. Linear techniques
mainly constitute three precoding types, namely Maximum Ratio Transmission (MRT)
precoding [22], Zero-Forcing (ZF) [23] and Minimum Mean Square Error (MMSE) [24].
More specifically, MRT aims for maximising the transmission power towards the desired
receiver under a transmit power constraint. Its precoding matrix is typically expressed as
the conjugate transpose of the channel response. On the other hand, both ZF and MMSE
remove interference at the receiver by decoupling multi-user channels into distinct
subchannels. Furthermore, ZF performs best at the high SNR regime with a precoding
matrix of the pseudo-inverse of the channel response, while MMSE incorporates the
noise level into its precoder as in order to boost system's performance at low SNR
values. In the case of unicast transmission, linear approaches were utilised for
communicating with single-antenna receivers [20-25] and multi-antenna receivers [2627]. By contrast, Both ZF and MMSE precoding schemes were used for multicast
transmission in [28].
The main drawback of the aforementioned closed-form precoding techniques is their
limitations in terms of specific objective optimisation. Furthermore, linear techniques
would incur some restrictions on the multi-user system, such as for the number of users
as well as for the number of transmit and receive antennas. Nonlinear techniques on the
other hand include a wide range of algorithms and techniques. One of the most common
nonlinear techniques is the optimal Dirty Paper Coding (DPC) technique [29], which aims
for cancelling interference prior to transmission and is known for achieving MIMO
capacity. Another example is the Tomlinson-Harashima Precoding (THP) technique [30],
which is a sub-optimal derivative of DPC.
3.5.1.2 Optimisation-Based Precoding Techniques
In practice, optimisation-based precoding techniques are more desirable, since they can
be designed for optimising a specific system metric. In this context, various optimisation
approaches have been proposed in the literature, which are mainly based on the Quality
of Service (QoS) [31] as well as the min-max fair problems [32-33]. In the context of PHY
multicasting, both problems are considered to be NP-hard problems. The QoS
optimisation problem can be optimally solved using the Semi-Definite Relaxation (SDR)based approach. SDR solutions are mainly based on optimising the average transmit
power maintaining a specific QoS at each user [32], while in [34] a max-min fairness
optimisation solution aims for maximising the minimum SINR between all users in the
context of multi-group multicast in massive MIMO systems. Furthermore, the multigroup
transmission problem was approximated by Sidiropoulos et al. [31] as an NP-hard
problem using SDR-based optimisation. Christopoulos et al. [35] proposed a perantenna power constrained mutlicasting precoding technique, which is based on QoS
and min-max fairness solutions. The SDR-based optimisation was also utilised for
multicast transmission by [36]. Furthermore, an iteration-based method was proposed
by Demir and Tuncer in [37], which relies on antenna selection and hybrid beamforming
for communicating with multiple groups of users. In the case of broadcast transmission,
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which translates to a single multicast group, interference effect is ignored since all users
receive a single message. This was approximated again by Sidiropoulos et al. [31] as an
NP-hard broadcast problem by SDR and Gaussian randomisation.

3.5.2 MIMO Precoding without CSI at the Transmitter
In the situation where the transmitter does not have CSI, the MIMO precoding cannot be
designed according to the specific channel conditions experienced by the UEs but it has
to be designed to enhance the spatial diversity of the system and/or to accommodate
different deployment scenarios. DVB-NGH and ATSC 3.0 include precoding with spatial
multiplexing for MIMO 2x2 (i.e. two transmit and receive antennas) based mainly on
rotation matrices [38-39]. The rotation matrix linearly combines the information streams
of each transmit antenna, according to a rotation angle, increasing the spatial diversity
of the transmitted signal. Optimal rotation angles for MIMO 2x2 with cross-polar antennas
was investigated in [40] where it was shown that the optimal rotation angle mainly
depends on the physical layer code-rate. The concept of rotation matrices can be
extended to accommodate more general antenna configuration arrangements with
different number of transmit and receive antennas. This is especially important for the
design of the NR air interface where the base-stations can have large antenna arrays.
Hence, an important research area is to investigate MIMO precoding techniques without
CSI at the base-station for large antenna arrays. Other MIMO precoding stages can
include stream-power-allocation and power-imbalance matrices. The stream-powerallocation matrix allows to design the power allocation to each of the information streams
that can be modulated with constellations with different cardinality. On the other hand,
the power-allocation matrix allows to design the final output power per transmit antenna
that can be useful to accommodate different deployment scenarios that may have
specific restrictions on the total power radiated per polarisation. As for the rotation
matrices, the extension of these precoding stages to larger antenna arrays is also an
important area of research.
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4 Performance Evaluation of 5G PTP against IMT-2020
Requirements
This section evaluates the 5G New Radio air interface as specified in 3GPP Rel’15 [1112, 41-42] towards the use cases and test environments defined in IMT-2020 [43]. This
deliverable evaluates some KPIs defined in the IMT-2020 guidelines and includes an
additional KPIs that better defines some of the verticals and scenarios considered within
this project. The aforementioned KPIs were already introduced in D3.1 [6]. The main
outcomes of this section have been used as a contribution to the 5G PPP IMT-2020
Evaluation Group.
The methodology in this deliverable is structured around the different evaluation types
considered. Three methodologies are followed in Section 4: inspection, analysis and linklevel simulations [43]. Table 8 shows the KPIs evaluated in D3.2, as well as their related
IMT-2020 scenarios and 5G-Xcast verticals. Each of the scenarios considered can be
easily mapped to a 5G-Xcast vertical as defined in WP2 [3]. KPIs defined in Table 8 are
related to two usage scenarios from IMT-2020: Enhanced Mobile Broadband (eMBB)
and Ultra-Reliable Low Latency Communications (URLLC). Massive Machine-Type
Communications (mMTC) are out of the scope of this deliverable. eMBB is usually
related to the M&E vertical, while URLLC is linked to public warning, M&E and
automotive (V2X).
Table 8. Assessment method used per KPI and associated 5G-Xcast verticals.
Vertical

Methodology

Bandwidth

IMT-2020
Scenario
eMBB, URLLC

M&E, PW, V2X

Inspection

Peak data rate

eMBB

M&E

Analytical

Peak spectral efficiency

eMBB

M&E

Analytical

BICM spectral efficiency

eMBB

M&E

Link Level

Mobility

URLLC, eMBB

PW, V2X, M&E

Link Level

Latency

URLLC

PW, V2X

Analytical

KPI

It is worth saying that the importance of a KPI highly depends on the scenario under
evaluation. As Table 8 shows, eMBB is the most demanding scenario in terms of data
rate, spectral efficiency, bandwidth, latency or mobility. These KPIs are needed for the
successful transmission of high throughputs in M&E use cases. On the other hand,
URLLC scenarios demand for reliable communications with very short latency but most
importantly very high user speeds.
The next subsection introduces the first scenario, eMBB, and evaluates the most
important KPIs related to it.

Enhanced Mobile Broadband for Media & Entertainment
4.1.1 Bandwidth
Bandwidth is defined as the maximum aggregated system bandwidth in Hz (including
frequency guard bands). The maximum supported bandwidth may be composed of either
a single or multiple radio frequency (RF) carriers. It is calculated by inspection.
Depending on the frequency range (FR) selected, a single component carrier supports
the following bandwidths and guard bands [44]:
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 FR1 (450 MHz - 6 GHz):
o 5, 10, 15, 20, 25, 40, 50, 60, 80 or 100 MHz.
o Guard band ratio from 2 to 20%.
 FR2 (24.25 GHz - 52.6 GHz):
o 50, 100, 200 or 400 MHz.
o Guard band ratio from 5 to 8%.
The minimum amount of paired spectrum is 2 x 5 MHz, while the minimum amount of
unpaired spectrum is 5 MHz.
From these possible values, NR defines different maximum bandwidths depending on
the numerology and frequency band used [8]. In any case, carrier aggregation of up to
16 carriers is permitted, as specified in [12]. The maximum bandwidth supported is
shown in Table 9.
Table 9. NR maximum supported bandwidth.
Frequency range
FR1
(450 MHz - 6 GHz)
FR2
(24.25 GHz - 52.6 GHz)

µ

BWmax (MHz)

NRB

CA

0
1
2
2
3

50
100
100
200
400

270
273
135
264
264

16

CA BWmax
(GHz)
0.8
1.6
1.6
3.2
6.4

By aggregating multiple component carriers, transmission bandwidths up to 6.4 GHz are
supported to provide high data rates. As explained in [44], component carriers can be
either contiguous or non-contiguous in the frequency domain. The number of component
carriers transmitted and/or received by the user equipment can vary over the time
depending on the instantaneous data rate.

4.1.2 Peak data rate
Peak data rate is the maximum achievable data rate (bit/s) under ideal conditions. It is
defined as the received data bits assuming error-free conditions assignable to a single
mobile station, when all assignable radio resources for the corresponding link direction
are utilized (i.e. excluding radio resources that are used for physical layer
synchronization, reference signals or pilots, control region, guard bands and guard
times). The peak data rate expression in NR is defined for DL (Downlink) and UL (Uplink)
transmissions combined with TDD (Time Division Duplex) and FDD (Frequency Division
Duplex) techniques as:
𝐽

𝛾𝑝 = ∑

𝐵𝑊(𝑗),𝜇

(𝛼 (𝑗)

∙

(𝑗)
𝑣𝐿𝑎𝑦𝑒𝑟𝑠

∙

(𝑗)
𝑄𝑚

∙𝑓

(𝑗)

∙ 𝑅𝑚𝑎𝑥 ∙

𝑗=1

𝑁𝑃𝑅𝐵

𝜇
𝑇𝑠

∙ 12

∙ (1 − 𝑂𝐻 (𝑗) ))

(5)

where:
-

-

𝑱 is the number of aggregated component carriers in a frequency band. It has
integer values from 1 to 16.
𝜶(𝒋) is the normalized scaling factor related to the ratio of resources used in the
DL/UL for the 𝑗 component carrier. In FDD, 𝛼 (𝑗) = 1 for both DL and UL. In TDD
and other duplexing techniques, both for DL and UL, 𝛼 (𝑗) is calculated based on
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the frame structure and the SFI.
o For TDD, 𝛼 (𝑗) includes the presence of Guard Period (GP) symbols as
part of the effective BW. As a consequence, the impact of GP is
considered in the overhead (𝑂𝐻 (𝑗) ) calculation.
(𝒋)
𝝂𝑳𝒂𝒚𝒆𝒓𝒔 is the number of layers when multiple antennas are used. For the DL, it
has integer values from 1 to 8. For the UL, it goes from 1 to 4.
(𝒋)
𝑸𝒎 is the maximum modulation order, i.e. 8.
𝒇(𝒋) is the scaling factor used to reflect the capability mismatch between
baseband and RF for both types of standalone and non-standalone UEs. Its use
is also proposed to scale down the maximum throughput of NR UEs where there
is LTE and NR hardware sharing. 𝑓 (𝑗) is signalled per band and per band per
band combination as per UE capability signalling. There are two possible values,
1 or 0.75.
𝑹𝒎𝒂𝒙 is the maximum CR of 948/1024.
𝝁 is the numerology.
𝝁
𝑻𝒔 : is the average OFDM symbol duration in a subframe for numerology, µ, i.e.

-

-

Ts 

10 3
. It includes the impact of the CP insertion.
14  2 

𝑩𝑾(𝒋),µ

𝑵𝑷𝑹𝑩
is the maximum RB allocation in the available system bandwidth with
numerology 𝜇. TR 38.817-01 [10], in section 4.5.1, provides the maximum
bandwidth supported by a UE for a given band.
𝑶𝑯(𝒋) is the overhead calculated as the average ratio of REs occupied by L1/L2
control, synchronization signals, PBCH, reference signals, guard bands and
guard period (only for TDD), compared to the total number of REs available in
the effective bandwidth and a frame time product.

-

-

4.1.2.1 Peak data rate calculation
A. Downlink
This section provides the DL peak data rate for both FDD and TDD modes. For FDD,
only the FR1 is evaluated to ensure minimum efficiency levels. For TDD, the peak data
rate is calculated in both FR1 and FR2. The values have been calculated for both SISO
and MIMO schemes, as well as the use of aggregated component carriers. An extensive
and detailed parameter selection for all evaluated configurations is described in Annex
B.
FDD
Considering a FDD configuration where all resources are assigned to DL transmissions,
the obtained peak date rate values are shown in Table 10:
Table 10. FDD DL peak data rate values
µ
0
1
2

BWmax
(MHz)
50
100

𝜸𝒑
SISO
(Gbit/s)
0.30
0.60
0.59

Layers

8

𝜸𝒑
MIMO
(Gbit/s)
2.40
4.87
4.78

CA

16

𝜸𝒑
SISO+CA
(Gbit/s)
4.81
9.75
9.57

TDD
Following the same procedure, TDD DL peak data rate values are:
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𝜸𝒑
MIMO+CA
(Gbit/s)
38.54
78.05
76.62

Req.
(Gbit/s)
20
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Table 11. TDD DL peak data rate values
BWmax
(MHz)

µ

FR1

FR2

0
1
2
2
3

50
100
200
400

𝜸𝒑
SISO
(Gbit/s)
0.22
0.45
0.44
0.89
1.80

Layers

8

6

𝜸𝒑
MIMO
(Gbit/s)
1.80
3.66
3.59
5.39
10.85

CA

16

𝜸𝒑
SISO+CA
(Gbit/s)
3.61
7.32
7.19
14.38
28.9

𝜸𝒑
MIMO+CA
(Gbit/s)
28.94
58.62
57.52
86.31
173.57

Req.
(Gbit
/s)

20

For FDD, one component carrier is able to provide peak data rate values up to 600 Mbps
with SISO antenna configurations and 4.87 Gbps with 8 layers in MIMO antenna
configurations in FR1. Considering TDD techniques, peak data rates up to 1.80 Gbps for
SISO and 10.85 Gbps for MIMO can be achieved in FR2.
By aggregating multiple component carriers (CC), higher peak data rate values can
be achieved. Component carriers can be either contiguous or non-contiguous in the
frequency domain. The number of component carriers has been set to the maximum, i.e.
16 component carriers. With this configuration, peak data rates up to 9.75 Gbps and
78.05 Gbps can be reached for FDD SISO and MIMO modes. In TDD, values up to
28.90 Gbps and 173.57 Gbps can be reached with SISO and MIMO configurations,
respectively. One can affirm that the use of MIMO and carrier aggregation is one of the
main factors that enables to meet the ITU-R peak data rate requirement. By enabling
just carrier aggregation in a SISO configuration, only TDD FR2 case meets this
requirement.
B. Uplink
The peak data rate in the uplink is also provided for FDD and TDD techniques. Same
SISO and MIMO configurations with single and aggregated component carriers are
considered. The assumed parameter configuration is described in Annex B.
FDD
Considering an FDD mode where all resources are assigned to UL transmissions, peak
data rate is calculated as follows:
Table 12. FDD UL peak data rate values
µ

BWmax
(MHz)

1
2
3

50
100
100

𝜸𝒑
SISO
(Gbit/s)
0.30
0.62
0.62

Layers
4
4
4

𝜸𝒑
MIMO
(Gbit/s)
1.22
2.49
2.49

CA
16
16
16

𝜸𝒑
SISO+CA
(Gbit/s)
4.90
9.99
9.99

𝜸𝒑
MIMO+CA
(Gbit/s)
19.60
39.99
39.54

Req.
(Gbit
/s)
10

TDD
Following the same procedure, TDD UL peak data rate values are calculated:
Table 13. TDD UL peak data rate values
BWmax
(MHz)

µ

FR1

FR2

0
1
2
2
3

50
100
200
400

𝜸𝒑
SISO
(Gbit/s)
0.18
0.38
0.37
0.73
1.47

Layers

4

𝜸𝒑
MIMO
(Gbit/s)
0.75
1.52
1.50
2.94
5.91

34

CA

16

𝜸𝒑
SISO+CA
(Gbit/s)
3.00
6.11
6.02
11.79
23.64

𝜸𝒑
MIMO+CA
(Gbit/s)
12.03
24.46
24.08
47.16
94.57

Req.
(Gbit
/s)

10
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For FDD, one component carrier is able to provide peak data rate values up to 620
Mbps with SISO antenna configurations and 2.49Gbps with MIMO 4 layers configuration
in frequency ranges between 450 MHz and 6 GHz. Considering TDD techniques for
frequency ranges of 450 MHz - 6 GHz and 24.25 GHz - 52.6 GHz, peak data rates up to
1.47 Gbps for SISO and 5.91 Gbps for MIMO 4 layers can be obtained.
By aggregating multiple component carriers, higher peak data rate values can also
be reached for uplink transmissions. The number of component carriers has also been
set to 16 component carriers. With this configuration, peak data rates up to 9.99 Gbps
and 39.54 Gbps can be reached for FDD SISO and MIMO modes. In TDD, values up to
23.64 Gbps and 94.57 Gbps can be reached with SISO and MIMO configurations,
respectively. As it can be seen, the use of MIMO and carrier aggregation techniques
is also the key for uplink since it allows to meet the 10 Gbps ITU-R requirement.

4.1.3 Peak spectral efficiency
The peak spectral efficiency is the maximum data rate under ideal conditions normalised
by channel bandwidth (in bit/s/Hz). Its expression is defined for DL and UL transmissions
in both FDD and TDD as:

𝜂𝑝 =

𝛾𝑝
∙ 𝐵𝑊

(6)

𝛼 (𝑗)

where:





𝛾𝑝 is the peak data rate value obtained for each evaluated configuration.
𝛼 (𝑗) is the normalized scaling factor related to the proportion of resources used
in the DL/UL ratio for the j component carrier, calculated as in section 4.1.2.
𝐵𝑊 is the bandwidth for each numerology, FR and duplexing technique.

A. Downlink
DL peak spectral efficiency is calculated for both FDD and TDD techniques. For FDD,
peak spectral efficiency is only calculated for FR1 while for TDD, both FR1 and FR2 are
considered. Peak spectral efficiency has been calculated per component carrier with
SISO and MIMO configurations. To enable the calculation, previous peak data rate
values have been considered.
FDD

FR1

Table 14. Peak spectral efficiency for FDD DL.
𝜼𝒑 (bit/s/Hz)
BWmax (MHz)
Numerology
SISO
0
50
6.02
1
100
6.09
2
100
5.98

𝜼𝒑 (bit/s/Hz)
MIMO
48.17
48.78
47.89

Table 15. Peak spectral efficiency for TDD DL.
𝜼𝒑 (bit/s/Hz)
Bandwidth
Numerology
(MHz)
SISO
0
50
5.91
1
100
5.99
2
100
5.88
2
200
5.88
3
400
5.91

𝜼𝒑 (bit/s/Hz)
MIMO
47.34
47.93
47.03
35.29
35.48

TDD

FR1

FR2
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As shown in Table 14 and Table 15, one component carrier is able to provide peak
spectral efficiency values up to 48.78 bps/Hz for FDD and up to 47.93 bps/Hz for TDD
techniques thanks to the use of MIMO 8 layers configuration. Both FDD and TDD
configurations are able to meet the ITU-R requirement (30 bps/Hz) for all the evaluated
bandwidths and numerologies.
B. Uplink
UL peak spectral efficiency is also calculated for both FDD and TDD. Same assumptions
about frequency ranges and antenna configurations have been made. The previous UL
peak data rate values have also been used for this calculation.
FDD
Bandwidth
𝜼𝒑 (bit/s/Hz)
𝜼𝒑 (bit/s/Hz)
(MHz)
SISO
MIMO
0
50
6.12
24.51
1
100
6.24
24.99
2
100
6.17
24.71
Table 16. Peak spectral efficiency for FDD UL. Numerologies from 0 to 2, with and
without MIMO.
Frequency
Band
FR1

Numerology

TDD
Bandwidth
𝜼𝒑 (bit/s/Hz)
𝜼𝒑 (bit/s/Hz)
(MHz)
SISO
MIMO
0
50
5.91
23.66
1
100
6.01
24.05
2
100
5.92
23.68
2
200
5.79
23.18
FR2
3
400
5.81
23.24
Table 17. Peak spectral efficiency for TDD UL. Numerologies from 0 to 3, with and
without MIMO.

Frequency
Band
FR1

Numerology

As shown in Table 16 and Table 17, one component carrier is able to provide peak
spectral efficiency values up to 24.99 bps/Hz and 24.05 bps/Hz for both FDD and TDD
techniques thanks to the use of with MIMO 4 layers configurations. All the numerology
and bandwidth combinations are able to provide values above the ITU-R requirement,
which is fixed to 15 bps/Hz.

4.1.4 BICM spectral efficiency
This KPI indicates the number of data bits per channel used to provide a minimum
carrier-to-noise ratio (CNR). The CNR is evaluated through link-level simulations. The
spectral efficiency can by simply calculated as:
𝜂𝐵𝐼𝐶𝑀 = 𝑄𝑚 ∙ 𝑅

(7)

The selected Quality of Service (QoS) is a block error rate BLER < 0.1%. Ideal channel
estimation is used in all cases. In this section, both PDSCH and PDCCH channels have
been included.
4.1.4.1 Physical Downlink Shared Channel (PDSCH)
a) Technology Comparison: NR vs. LTE/ATSC 3.0
Figure 12 shows the BLER as a function of the required CNR (dB) for the different MCS
available in NR, where each colour represents a specific modulation order. Curves with
the same colour represent different MCS and therefore CRs. Note that both tables
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included in the TS 38.213 [11] have been considered. The BW selected is 5 MHz with
numerology 0, i.e. a carrier spacing of 15 kHz.

Figure 12. Block error rate vs CNR (dB) for SISO AWGN channel with NR.
As shown in the figure, NR Rel’15 provides a good granularity. In fact, only high CRs
with 64QAM and low CRs with 256QAM provide similar performance. That is why they
do not appear in both tables as specified in 3GPP.
Figure 13 shows the BICM spectral efficiency (bpc) as a function of the required CNR in
an AWGN channel for NR, compared with other technologies such as ATSC 3.0, 4G LTE
PTP, SC-PTM and MBSFN. The channel capacity is also shown for comparison. The
performance of NR when using a single antenna port and layer is better than 4G LTE.
The use of Low-Density Parity Check (LDPC) codes provides significant performance
gains. However, there is room for improvement since the gap to ATSC 3.0 is still high,
especially for high CNR values.

Figure 13. BICM spectral efficiency vs CNR (dB) for SISO AWGN channel. NR vs. LTE
Rel’14 eMBMS and ATSC 3.0.
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On the one hand, ATSC 3.0 employs Non-Uniform Constellations (NUC), which provide
an important performance improvement due to the geometrical signal shaping. Note that
no gains are obtained with QPSK, since this constellation does not have room for
possible optimization. Additional gains are also obtained due to the use of longer
codewords that in turn employ long LDPC lengths. The codeword in ATSC 3.0 has 64800
bits, while the maximum length in NR is 25344 bits and it is only used with high MCS
indexes.
b) MIMO Performance
The following section shows the performance of 5G when using a MIMO configuration in
an AWGN channel. This deliverable has considered two configurations: 2x2 and 4x4
antennas, with 2 and 4 layers respectively (note that NR implements up to 8 layers), as
shown in Figure 14. The channel capacity is also shown for comparison.

Figure 14. BICM spectral efficiency vs CNR (dB) with NR, AWGN MIMO channel.
The use of multiple antennas drastically increases the BICM spectral efficiency of the
systems. For example, NR provides a capacity of approximately 5.1 bpc for a minimum
CNR of 18 dB with a single antenna. If MIMO 2x2 is used, the capacity is increased to
8.4 bpc. With MIMO 4x4, this capacity reaches a value of 13.3 bpc.
Observing the results for MIMO 2x2, it is possible to affirm that NR exceeds the SISO
capacity if the CNR is high enough, in this case from 2 dB. The same behaviour can be
seen with MIMO 4x4, which exceeds the 2x2 MIMO channel capacity when the CNR is
7 or higher.
c) IMT-2020 Scenarios
Figure 15 shows the BICM spectral efficiency vs. CNR with NR for the IMT-2020
considered scenarios, i.e. indoor hotspot, dense urban and rural. All scenarios are
evaluated considering Line-of-Sight (LoS) and compared with AWGN and the
independent and identically distributed (i.i.d.) Rayleigh channels. The frequency selected
is 700 MHz.
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Figure 15. BICM spectral efficiency vs CNR (dB) for all considered scenarios.
The indoor hotspot scenario is modelled with the TDL-A channel model [43, 45]. The
selected bandwidth is 10 MHz, with numerology 0. In this scenario, a user speed of 3
km/h is used. The delay spread is 20 ns. Particular indexes with low constellation orders
and high CRs have been discarded. In this case, it is better to use a higher modulation
order with a more robust CR that improves the performance while keeping the same
BICM spectral efficiency. The dense urban scenario is modelled with the TDL-C channel
model. In this scenario, a user speed of 30 km/h and a delay spread of 100 ns are used.
Finally, the rural scenario is also modelled with the TDL-C channel, but in this case, the
user speed is set to 120 km/h. The delay spread also changes for this scenario, having
30 ns in all cases.

Figure 16. BICM spectral efficiency vs CNR (dB) for TDL scenarios with 2x2 MIMO.
Figure 16 depicts the BICM spectral efficiency vs. CNR for the IMT-2020 considered
scenarios, i.e. indoor hotspot, dense urban and rural. All scenarios are evaluated with
and LoS and compared with the AWGN MIMO channel. Two transmitter and receiver
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antennas are used. A single codeword is transmitted by using two independent layers
as specified in [12].
4.1.4.2 Physical Downlink Control Channel (PDCCH)
a) Technology Comparison: NR vs LTE
Figure 17 shows the BER and BLER as a function of the required CNR (dB) for the
different aggregation levels (AL) of Control Channel Elements (CCE), including both New
Radio configuration and LTE in AWGN channel.

Figure 17. Block error rate vs CNR for AWGN channel. Different ALs with NR and LTE.
The simulation parameters include a channel BW of 5MHz, CFI = 3, 12 DCI bits in NR
(smallest possible) and LTE (format 1C), CRC length of 16 and 24 bits with LTE and NR
respectively, Tail Biting Convolutional Code (TBCC) with LTE: (mother code rate of 1/3)
and polar codes with NR, AWGN channel, Maximum Likelihood (ML) demapper and
QPSK as the only modulation order for both NR and LTE. The rate recovery process
includes additively combining any repetitions to distinguish the performance difference
of higher aggregation level.
The corresponding effective code rate for each aggregation level is:


New Radio: {



LTE: {

12

,

12

12

,

12

,

12

,

12

} for AL 1, 2, 4, 8 respectively.

144 288 576 1152

} for AL 1, 2 respectively.

72 144

The reason of choosing the number of DCI information bits 12 is because for higher
numbers zeros shall be appended to the DCI format until the payload size equals 12 [12].
This means 12 bits is the smallest possible number of DCI information bits, which should
be equivalent to the smallest possible CNR requirement for all conditions (different
aggregation levels).
From the results in Figure 17, we can see that a higher aggregation level generally gives
more protection to codewords, which is reflected in the required CNR for both LTE and
NR situation, by trading more occupied bandwidth. Due to the different CRC and
aggregation levels for LTE and NR, it is not easy to achieve a fair comparison. Generally,
Polar codes should outperform TBCC. If compared under the same AL with the
parameters shown, NR requires about 2.3dB less than LTE to achieve BLER < 10-3.
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b) IMT-2020 Scenarios
In this section, the SISO performance for the IMT-2020 scenarios is presented and
compared with AWGN, according to different scenarios described in subsection 4.1.5.1.
Perfect channel estimation has been used in a frequency range of 700 MHz.
The following table shows the minimum CNR needed for:



TDL-A channel model for indoor hotspot scenario with 30ns delay spread and 3km/h.
TDL-C channel model for rural scenario with 300ns delay spread and 30km/h.
Table 18. Minimum CNR threshold of PDCCH in AWGN, TDL-A, and TLD-C channel.
Scenario
AWGN
Indoor hotspot
Rural

AL 1
0.3 dB
1.5 dB
-

AL 2
-3.8 dB
-3.2 dB
-3.7 dB

AL 4
-7 dB
-6.5 dB
-6.8 dB

AL 8
-10 dB
-9.4 dB
-9.9 dB

From the results, we can see that under perfect channel estimation, the higher movement
speed equivalent to better Doppler diversity which makes the CNR requirement for each
aggregation level of the TDL-C channel (with 30km/h movement speed) outperform the
corresponding point with TDL-A channel (with 3km/h movement speed).
Compared to the AWGN results, at lower aggregation level which is equivalent to high
data rates, the BLER performance for both TDL-A and TDL-C channels are worse than
AWGN result. But because of the fixed code word length, when aggregation level goes
higher, the code rate dramatically decreases and the TDL channel performances are
almost aligned with the AWGN channel. For channel models with LOS path (results not
shown here), it will give exactly the same results as the AWGN channel due to the large
Rice factor (K) of the LOS path. (i.e. TDL-D and TDL-E).

Ultra-Reliable Low Latency Communications for Public Warning and
Automotive
4.2.1 Mobility
4.2.1.1 Physical Downlink Shared Channel (PDSCH)
This section studies the speed tolerance with practical receiving algorithms in NR. The
mobility KPI is a variant of the BICM spectral efficiency KPI, evaluated with link-level
simulations by using a mobile channel model. In mobile environments, the channel
realizations are a time variant function that depends on the relative speed of the
transmitter and receiver pair.
a) Theoretical Doppler limit
The time dependent variation of the channel realizations produces frequency shifts in
the received signal known as the Doppler. The maximum frequency shift 𝑓𝐷 in the
received signal due to the Doppler shift assuming ideal interpolation is:
𝑓𝐷 =

𝑣 𝑓𝑐 cos 𝛼
𝑐

(8)

where 𝑣 is the receiver velocity 𝑐 is the speed of light, 𝑓𝑐 is the carrier frequency of the
signal, and 𝛼 is the angle between directions of the receiver velocity and the arriving
signal. The Doppler limit can be theoretically estimated as:
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𝑓𝐷𝑙𝑖𝑚𝑖𝑡 =

1
2𝐷𝑦 (𝑇𝑈 + 𝑇𝐶𝑃 )

𝐻𝑧

(9)

where 𝐷𝑦 is the length of the reference signal sequence in OFDM symbols, 𝑇𝑈 is the
useful symbol duration, and 𝑇𝐶𝑃 is the cyclic prefix length in time. Hence, the performance
depends on the carrier spacing, system bandwidth, the operational frequency band and
the accuracy of channel estimation. For this study, a wide range of Doppler shifts is
evaluated. The obtained results can be easily mapped to the frequency bands under
evaluation by using the previous formulas. Two frequency bands are here evaluated:
700 MHz and 4 GHz.
The theoretical Doppler limits for each frequency band depend on the DMRS signal used.
Assuming Mapping Type A, DMRS configuration type 1 and DL-DMRS-add-pos = 1, i.e.
2 symbols (𝐷𝑦 = 7), the Doppler limit can be calculated as:
𝑓𝐷 =

1
2·7·

10−6 (66.6

+ 5.2)

= 𝟗𝟗𝟒. 𝟖 𝑯𝒛

(10)

which corresponds to a user speed of 1534 km/h at 700 MHz and 268 km/h at 4 GHz.
Note that a numerology 0 has been used in this calculation and higher numerologies will
increase the speed, since lower 𝑇𝑈 + 𝑇𝐶𝑃 will be obtained. Likewise, using a different
pattern will change the user speed limit as follows:
The IMT-2020 requirement is a user speed of 500 km/h [46]. As can be observed, every
configuration at the 700 MHz band fulfils the selected criterion. This is not the case at 4
GHz, where using numerology 0 hampers the reception if only 2 DMRS symbols are
used (marked in bold).
Table 19. Doppler limit (Hz) and related speed (km/h) for 700 MHz and 4 GHz bands.
User limit
User limit
DMRS
𝑫𝒚
µ
𝒇𝑫
(km/h)
(km/h)
Symbols
@ 700 MHz
@ 4 GHz
2
7
994.8
1534
268
0
4
3
2319.3
3576
625
2
7
1992.6
3074
537.99
1
4
3
4638.6
7155
1251
2
7
3982.7
6144
1075
2
4
3
5566.4
14313.1
2496
These values are the maximum theoretical limits, which can be only reached if the
transmitted configuration is robust enough. The use of modulation and coding will lower
these values significantly, as the next section shows.
b) Link-level Evaluation
In order to evaluate the mobility performance of NR in the IMT-2020 evaluation context,
several channel models with a range of different user speeds have been evaluated. The
considered scenario is a Typical Urban (TU-6) with variable speed.
The three considered numerologies for frequency range 1 (450 MHz to 6 GHz) are
evaluated, i.e. 15, 30 and 60 kHz. This parameter is important when evaluating mobility,
since higher numerologies are more robust against Doppler shifts. Mapping Type A with
DMRS configuration type 1 is assumed. Different pilot patterns, i.e. patterns with 2 and
4 symbols are also explored. Real channel estimation (linear in time, linear in frequency)
with MCS 3 is used in all cases.
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Figure 18. CNR against user speed for 5G New Radio in TU-6 mobile channel.
Numerologies 0,1 and 2, MCS 3.
Results in Figure 18 show that for Doppler shifts up to 500 Hz, the performance with all
configurations and real channel estimation is good enough to keep an acceptable CNR.
In this case, the higher the speed the lower the CNR required. This behaviour is obtained
because of the Doppler range used. At high Doppler shifts, it may increase as occurs
with the rest of configurations. Then, degradation appears. For higher user speeds and
some configurations, the Doppler shift starts to cause significant Inter-Carrier
Interference (ICI) and channel estimation errors. This leads to performance degradation.
The way to increase the Doppler shift limits is by using more DMRS symbols or by
increasing the numerology.
Configurations with Doppler limits are:



Numerology 0
o 2 DMRS symbols: 600 Hz (925 km/h @ 700 MHz, 162 km/h @ 4 GHz).
o 4 DMRS symbols: 1300 Hz (2005 km/h @ 700 MHz, 351 km/h @ 4 GHz).
Numerology 1
o 2 DMRS symbols: 1500 Hz (2314 km/h @ 700 MHz, 405 km/h @ 4 GHz).

The rest of configurations are good enough to support user speeds higher than 500 km/h
at 4GHz. Therefore, numerology 1 with more than 2 DMRS symbols is at least
needed for at 4 GHz with this modulation and coding scheme. On the other hand, all
configurations fulfil the requirement at 700 MHz. These results are slightly worse than
the theoretical limits obtained in Table 19.
The use of a higher MCS 15 further reduces these limits, as shown in Figure 19 for
numerology 0.
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Figure 19. CNR against user speed for 5G New Radio in TU-6 mobile channel.
Numerology 0, MCS 15.
Results in Figure 19 show that the degradation for the case of 2 DMRS symbols starts
in this case at 300 Hz. The value is reduced to half compared to MCS 3. A similar
behaviour can be observed when using 4 DMRS symbols. The Doppler limit is reduced
to 600 Hz in this case, having 1200 Hz with MCS 3.
4.2.1.2 Physical Downlink Control Channel (PDCCH)
This section studies the speed tolerance of the NR PDCCH with practical channel
estimation algorithms.
a) Theoretical Doppler limit
Considering the frame structure shown in Figure 2 and the CORESET allocation shown
in Figure 4 (aligned with the frame structure in [12]), it can be observed that there is no
gap between PDCCH DMRS symbols in the time domain. More specifically, for NR:



In the frequency domain, PDCCH DMRS symbols are allocated in every 4
subcarriers;
In the time domain, the number of PDCCH DMRS symbols is depended on the
𝐶𝑂𝑅𝐸𝑆𝐸𝑇
value of 𝑁𝑠𝑦𝑚𝑏
, which is determined by PCFICH and can be 1, 2 or 3.

In order to estimate the channel, a two-dimensional (i.e., frequency and time) sampling
should satisfy:



In the frequency domain, the sampling rate must be faster than or equal to the
maximum delay spread of the channel;
In the time domain, the sampling rate must be greater than or equal to the
maximum Doppler spread of the channel.

The maximum distance between two PDCCH DMRS symbols in the time domain, 𝑛𝑚𝑎𝑥 ,
is therefore given by:
𝑛𝑚𝑎𝑥 ≤

1
2(𝑇𝑈 + 𝑇𝐶𝑃 )𝑑𝑚𝑎𝑥

(11)

where 𝑑𝑚𝑎𝑥 represents the maximum Doppler spread of the channel. Due to the fact that
the PDCCH DMRS symbols cover all the time domain REs on selected subcarriers, i.e.,
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𝐷𝑦 = 1, thus the number of PDCCH DMRS symbols is sufficient enough to capture the
time variation of the channel with potentially a wide range of user speeds, as given by:
𝑓𝐷 =

1
= 𝟔𝟗𝟔𝟑. 𝟔 𝑯𝒛
2 · 1 · 10−6 (66.6 + 5.2)

(12)

which corresponds to a user speed of 10743 km/h at 700 MHz and 1880 km/h at 4 GHz.
As previously mentioned, the numerology 0 has been used in this calculation and higher
numerologies will increase the speed, since lower 𝑇𝑈 + 𝑇𝐶𝑃 will be obtained.
b) Link-level Evaluation
To evaluate the performance of PDCCH in the mobile environments, link level
simulations are performed to, first, verify if any error floor occurs in the BICM
performance when the practical channel estimation applies and different user speeds
are considered. If not, then the required CNR to achieve BLER < 0.1% against the
Doppler shift or user speeds can be evaluated. The two-dimensional pilot-based
estimation with the linear interpolation is used. Different aggregation levels have been
considered.

Figure 20. CNR against user speed for 5G New Radio in TDL-A mobile channel.
PDCCH, real channel estimation.
As shown in the above figure, the PDCCH can handle all required user speeds for all
aggregation levels, as in [3] for all the considered frequency bands. Also, the higher
the aggregation level, the lower the required CNR, due to the better coding rate used
(half with the next level).

4.2.2 Latency
The next section describes the user plane latency that 5G NR Rel’15 introduces for
different configurations and analyses if the IMT-2020 requirement of 1 ms for URLLC is
met. The transmission and HARQ retransmission between UE and BS can be modelled
as follows:
𝑇𝑈𝑃 = 𝑇1 + 𝑝(𝑇2 + 𝑇3 )
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where T1 represents the time needed to transmit from the gNB to the UE, T2 is the time
required for a HARQ request, T3 is the time needed to retransmit the content and p is the
probability of a retransmission.

Figure 21. User plane latency calculation.
The latency in the first transmission, T1, can be calculated as follows:
𝑇1 = 𝑡𝐵𝑆,𝑡𝑥 + 𝑡𝐹𝐴1 + 𝑡𝑇𝑇𝐼 + 𝑡𝑈𝐸,𝑟𝑥

(14)

where 𝑡𝐵𝑆,𝑡𝑥 is the processing time in the gNB, 𝑡𝐹𝐴1 is the time needed for frame
alignment, starting when permitted by the configuration, 𝑡𝑇𝑇𝐼 is the time of data
transmission and 𝑡𝑈𝐸,𝑟𝑥 is the processing time in the UE. If a the reception is correct,
then 𝑇𝑈𝑃 = 𝑇1 . Otherwise, the UE needs to ask for a retransmission through a HARQ
petition, as follows:
𝑇2 = 𝑡𝑈𝐸,𝑡𝑥 + 𝑡𝐹𝐴2 + 𝑡𝐻𝐴𝑅𝑄 + 𝑡𝐵𝑆,𝑡𝑥

(15)

where 𝑡𝐹𝐴2 is the time for frame alignment in this case and 𝑡𝐻𝐴𝑅𝑄 is the time of the petition
(1 OFDM symbol in all cases). Then, the gNB retransmits the content as follows:
𝑇3 = 𝑡𝐵𝑆,𝑡𝑥 + 𝑡𝐹𝐴3 + 𝑡𝑇𝑇𝐼 + 𝑡𝑈𝐸,𝑟𝑥

(16)

Example:
a) First transmission
We assume UE capability 2 [47], as it is representative of URLLC. As an example, this
analysis presents first the case of numerology 0, with slot based scheduling of 14
symbols and probability of retransmission 𝑝 = 0.1. First of all, the gBN needs some time
to process the data. This step is calculated as follows:
𝑇𝑝𝑟𝑜𝑐,2 max(𝑁2 (2048 + 144) · 𝜅 · 2−µ · 𝑇𝑐 /(𝑆𝐶𝑆 · 2048),0)
(17)
=
2
2
where 𝑁2 is a parameter that depends on the SCS. For numerology 0 and UE capability
2, 𝑁2 is 5. Therefore, the processing time in the gNB, 𝑡𝐵𝑆,𝑡𝑥 , is 178,4 µs. To start
transmitting the content, the gNB needs to be aligned with the first possible symbol to
transmit, in this case the symbol number 0. This value depends on the moment when
the gNB starts the process. The gNB waits a minimum time 𝑡𝐹𝐴1 of 35,9 µs and a
maximum time of 964,5 µs. On average, the time needed is 500 µs. Then, the TTI is
𝑡𝐵𝑆,𝑡𝑥 =
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transmitted. 14 OFDM symbols with numerology 0 need 1 ms, which is the time of a
subframe. Finally, the UE processing time is calculated as follows:
𝑇𝑝𝑟𝑜𝑐,1 max(𝑁1 (2048 + 144) · 𝜅 · 2−µ · 𝑇𝑐 /(𝑆𝐶𝑆 · 2048),0)
(18)
=
2
2
The value of 𝑁1 also depends on the SCS. In this case, 𝑁1 is 8, and therefore the
processing time, 𝑡𝑈𝐸,𝑟𝑥 , is 107 µs. The total time needed for the data transmission without
HARQ, 𝑇1 , is therefore 1,8 ms.
𝑡𝑈𝐸,𝑟𝑥 =

b) HARQ petition
If the data is not correctly received, then the UE sends the HARQ petition. Note that
processing times in the UE and BS are the same in this case. The UE then needs 107
µs to process the petition, and does not need to wait for this particular case, as Figure X
shows. Therefore, 𝑡𝐹𝐴2 is 0 µs. The time for the HARQ petition is 1 OFDM symbol, and
thus 𝑡𝐻𝐴𝑅𝑄 is 71,4 µs. The gNB the processes the request in 178,4 µs. In total, the HARQ
petition needs a time 𝑇2 of 356,4 µs.
c) HARQ retransmission
The gNB then needs time to process the retransmission, with the same value of 178,4
µs. The time for frame alignment in this case is 357 µs in any case, to reach the symbol
number 0 and retransmit. Then, the TTI is retransmitted in 1 ms, and the UE processes
the data again in 107 µs. The total time of retransmission 𝑇3 is 1,59 ms. The total user
plane latency with a probability of retransmission 𝑝 = 0.1 is therefore 1,98 ms.

Figure 22. User plane latency for numerologies 0 and 1, with slot based scheduling of
14 symbols. Minimum frame alignment.
Extrapolation to all configurations:
The process can be easily extrapolated to all numerologies, as well as different slot
configurations. In this deliverable, we assume FDD for the latency calculation. The
results are summarized in Table 20.
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Table 20. User plane latency (ms) for all considered configurations.
Slot
HARQ
µ=0
µ=1
µ=2
configuration
probability
0,50
0,27
𝑝=0
0,23
2 symbols
0,58
0,32
0,27
𝑝 = 0,1
1,35
0,77
0,66
𝑝=1
0,71
0,38
0,28
𝑝=0
4 symbols
0,82
0,44
0,34
𝑝 = 0,1
1,85
0,95
0,78
𝑝=1
1,03
0,54
0,36
𝑝=0
7 symbols
1,18
0,62
0,41
𝑝 = 0,1
2,53
1,29
0,86
𝑝=1
1,80
0,92
0,55
𝑝=0
14 symbols
1,98
1,02
0,63
𝑝 = 0,1
3,78
1,91
1,30
𝑝=1
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5 Performance Evaluation of 5G PTM Air Interface
This section evaluates the performance of the 5G PTM air interface solutions described
in Section 3. This section redefines the KPIs analysed in Section 4 and additionally
includes a new KPI related to SFN coverage simulations, specific of multicast and
broadcast services. The methodology is structured around the IMT-2020 evaluation
types, i.e. analytical, link-level and coverage simulations [43]. Table 21 shows the list of
KPIs and methodologies used to evaluate each of the 5G PTM air interface solutions:
Table 21. Assessment method used per KPI and associated technology.
5G
SCMCKPI
Scenario
Methodology NR
MM
MM
PTP
Bandwidth
eMBB, URLLC
Inspection
✓

TB

Peak data rate

eMBB

Analytical

✓

✓

✓

✓

Peak spectral eff.

eMBB

Analytical

✓

✓

✓

✓

BICM spectral eff.

eMBB

✓

✓

✓

SFN coverage

eMBB

✓

✓

Mobility

URLLC, eMBB

Link Level
Coverage /
Link Level
Link Level

✓

✓

Latency

URLLC

Analytical

✓

✓

✓

✓
✓

As shown in Table 21, depending on the PTM air interface solution, a set of different
KPIs has been considered, due to the different nature and type of service that these
modes were created for.
SC-MM introduces the design of a new multicast CORESET, which is used to convey all
the control information for all users in the cell. When the number of users in the cell is
high, it allows to reduce the PDCCH overhead from 50% up to 90%. As a consequence,
the use of a new multicast CORESET has an impact on the peak data rate and peak
spectral efficiency calculation.
MC-MM includes the design of a SFN operation mode that allows to cover ISDs up to 20
km thanks to the design of negative numerologies combined with extended CP.
According to that, BICM Spectral Efficiency is calculated in SFN scenarios for the
different numerology options. In addition, SFN coverage is obtained through link-level
simulations for different echo delays. Finally, mobility tolerance is analysed for the new
SCS, related to the new negative numerology design.
TB extends the SFN coverage up to 100 km thanks to the use of the new physical
channel PTBCH with narrow numerologies and extended CP. PTBCH introduces new
CP lengths, DMRS patterns and control regions that may have an impact on the peak
data rate and peak spectral efficiency. BICM spectral efficiency and coverage are also
analysed for the new SFN operation mode Finally, Terrestrial Broadcast mobility
tolerance is also evaluated.

Enhanced Mobile Broadband for Media & Entertainment
5.1.1 Bandwidth
The maximum bandwidth for SC-MM, MC-MM and TB modes is 50 MHz. This value has
been inherited from numerology 0 and FR1 in PTP, see section 4.1.1. Since all proposed
PTM numerologies provide lower or the same SCS than numerology 0, the maximum
bandwidth cannot exceed this value.
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5.1.2 Data Rate
As explained in Section 4, the peak data rate is calculated depending on the overhead
introduced by the different 5G NR physical channels and signals. While in 5G NR PTP
the variation in the number of users affects the overhead and the peak data rate value,
the overhead associated to the number of users in PTM systems is fixed. Due to this
parameter variability, from now on the KPI is simply referred as data rate. Figure 23
shows the PTP and PTM data rate achieved when changing the number of users sharing
the same spectrum. As can be observed, the variation in the number of users has an
impact in the total overhead. In this case, numerology µ = 0 and 50 MHz of bandwidth
are configured. PTM results can be linked to the SC-MM and MC-MM designed in this
project and extended to all the possible numerology and bandwidth configurations. The
parameter γ in the figure refers to the fixed data rate obtained thanks to the use of a fixed
CORESET.

Figure 23. Peak data rate (top) and gain obtained (bottom) with SC-MM and MC-MM
compared to PTP, for different numbers of users and different number of CCs.
There is a clear data rate gain compared to PTP services, especially for high numbers
of users. This is due to the use of a single CORESET, saving 72 REs per user. Results
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show that the use of unicast is not efficient in this scenario, and the data rate gain
becomes even higher when multiple carriers (by means of carrier aggregation) are used.
For example, with 16 CC and 135 users, the maximum rate gain is 9.15 Gbps, since it
is fixed to 38.62 Gbps with the MM regardless of the number of users.
In the case of the TB mode, CORESETs are transmitted within the CAS, which is
transmitted periodically in 1 out of 40 subframes. CAS transmissions and the new
PTBCH DMRS design imply an increase in the overhead, e.g. OH = 18.75% for SCS
1.25 kHz, in comparison to MC-MM, and consequently a throughput loss. The trade-off
here comes in data rate and coverage. The data rate with the TB is 30.78 Gbps.
However, although the data rate is lower, this permits to enable large coverage areas up
to 120 km.

5.1.3 Spectral Efficiency
The spectral efficiency can be easily calculated by following the procedure described in
section 4.1.3 for PTP. There is a direct relationship between spectral efficiency and data
rate, and therefore the PTM gain has similar behaviour. The specific spectral efficiency
values and gains for both modes are shown in Table 22. A numerology µ = 0 and 50
MHz of bandwidth are used.
Table 22. Spectral efficiency vs number of users.
Number of users PTP (bit/s/Hz) MM (bit/s/Hz)
Gain (%)
1
48.17
0
5
47.93
0.48
10
47.51
1.37
25
46.23
48.17
4.03
50
44.09
8.45
100
39.83
17.31
135
36.84
23.51
Gains up to 23.51% are achieved when a single multicast CORESET is transmitted in
SC-MM and MC-MM, if the number of users is high enough. These percentages can be
applied also to peak data rate. In the case of TB, the maximum spectral efficiency is
38.47 bit/s/Hz.

5.1.4 BICM Spectral Efficiency
The BICM spectral efficiency is calculated for both PDSCH and PDCCH channels in SFN
scenarios through link-level simulations, as specified in Section 4.
SFN scenarios are modelled with 0 dB echo channel, which is defined at the DVB-T2
implementation guidelines [48] as a channel model composed of two paths with the same
amplitude and a time delay equivalent to 90% of the CP duration. In this study, the
channel has been modified and extended to enable different delays. The selected Quality
of Service (QoS) is a block error rate BLER < 0.1%. Real channel estimation is used in
all cases. In particular, channel estimation is performed by interpolating linearly in time
domain and with a DFT-based method in frequency domain [49]. DFT method offers an
additional accuracy in multipath environments with respect to linear interpolation
5.1.4.1 Multiple-Cell Mixed-Mode
Figure 24 shows the BICM spectral efficiency (bit/s/Hz) as a function of the required CNR
for the different MCS available in NR. Different negative numerologies have been
simulated for an echo delay equal to 16.67 µs (ISD = 5 km) and compared with LTE SCPTM. The channel capacity is also shown for comparison.

51

5G-Xcast_D3.2

Figure 24. BICM spectral efficiency vs. required CNR, MC-MM with 0 dB echo channel.
As discussed previously, the use of LDPC codes in 5G NR provides a BICM spectral
efficiency gain with respect to turbo-codes in LTE. For this reason, the MC-MM with
numerology 0 and therefore same carrier spacing than LTE, provides better
performance. As expected, additional gains are obtained with lower numerologies.
This impact is obtained as a result of the subcarrier density increase, which better helps
to estimate the frequency variation of the SFN channel model.
5.1.4.2 Terrestrial Broadcast
Figure 25 shows the BICM spectral efficiency for different MCS indexes of the 5G NR
Terrestrial Broadcast mode. In this case, the performance is compared eMBMS enTV
Rel’14. As occurred with the MC-MM, the TB provides higher BICM spectral efficiency
than LTE enTV thanks to the use of LDPC coding.

Figure 25. BICM spectral efficiency vs. required CNR, TB with 0 dB echo channel.

5.1.5 SFN Coverage
SFN coverage is expressed as the variation of the required CNR depending on the
relative echo delay. To carry out its evaluation, the channel model has been extended to
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allow the configuration of multiple echo delays inside and outside the CP region.
Coverage has been analysed by means of link-level simulations for all the physical
channels involved in SFN transmissions, i.e. PDSCH (MC-MM), PTBCH (TB) and
PDCCH. QoS requirements and channel estimation techniques from previous sections
are reused. For each physical channel, different SCS and CP configurations are
evaluated.
5.1.5.1 Mixed Mode: Physical Downlink Shared Channel (PDSCH)
The PDSCH coverage has been evaluated for different CP lengths associated to
negative numerologies in MC-MM, i.e. 16.66 µs (ISD = 5 km), 33.33 µs (ISD = 10 km)
and 66.66 µs (ISD = 20 km). All configurations have been simulated with MCS 2.

Figure 26. Required CNR with different echo delays using MC-MM.
As Figure 26 depicts, the performance remains constant for all the evaluated
configurations when echoes arrive inside the CP. Otherwise, degradation due to
multipath effect is introduced. In particular, when echoes arrive between the CP and the
Nyquist limit, the degradation depends on the robustness of the MCS selected. On the
other hand, echoes outside the Nyquist limit suppose the total degradation of the system.
Therefore, the MC-MM coverage in SFN scenarios is limited by the Cyclic Prefix
and the Nyquist limit. Configurations with longer CP and longer Nyquist limits provide
higher coverage. When transmitters are deployed with ISD equal to the CP length, there
is no degradation. If the ISD is set up to the Nyquist limit, longer coverage is introduced
at the expense of introducing more degradation to the system [50].
5.1.5.2 TB Mode: Physical Terrestrial Broadcast Channel (PTBCH)
The performance for the designed CP lengths in TB, i.e.100 µs (ISD = 30 km), 200 µs
(ISD = 60 km) and 400 µs (ISD = 120 km) is shown in Figure 27. LTE enTV coverage,
with CP 200 µs, is also used as a reference. Same MCS index is also evaluated.
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Figure 27. Required CNR with different echo delays using the 5G TB mode.
Figure 27 shows how 5G TB outperforms LTE enTV in terms of SFN coverage thanks
to the definition of CP = 400 µs (ISD = 120 km). In addition, TB also introduces a new
CP = 100 µs that enables to cover smaller ISD = 30 km. As described previously, CNR
degradation appears when the echo delay arrives beyond the CP region. As a
particularity, the percentage of Nyquist limit region where degradation is acceptable gets
reduced when the highest coverage mode is selected.
5.1.5.3 Physical Downlink Control Channel (PDCCH)
In this section, the performance of the NR-PDCCH channel with different coverage
settings has been evaluated. In theory, with a specific 𝜇 and therefore a fixed useful
symbol duration 𝑇𝑈 , the maximum channel delay spread is highly dependent on the
DMRS pattern, or to be specific, the pilot granularity in the frequency domain 𝐷𝑥 . The
maximum distance between two frequency domain PDCCH DMRS symbols, 𝑚𝑚𝑎𝑥 , is
given by:
𝑚𝑚𝑎𝑥 ≤

𝑇𝑈
𝜏𝑚𝑎𝑥

(19)

where 𝜏𝑚𝑎𝑥 represents the maximum delay spread of the channel. Take the 15kHz
subcarrier spacing as an example, also as shown in the frame structure in Figure 2 and
the CORESET allocation in Figure 4, 𝐷𝑥 = 4, one can derive 𝑇𝑈 = 1⁄Δ𝑓 = 66.7𝜇𝑠.
Therefore, the maximum channel delay spread that can be tolerated would be 𝜏𝑚𝑎𝑥 ≤
𝑇𝑈 ⁄𝐷𝑥 ≈ 16.66𝜇𝑠, greater than the one from the channel such as TDL-A and TDL-C.
Thus, similar to the NR-PDSCH, the 0dB echo channel has been modified and extended
to include different delays.
Differently from PDSCH, there is no need to perform interpolations in time domain due
to the tight pilot distribution as discussed in section 4.2.1.2. The DFT-based interpolation
is applied in frequency domain, which is a widely-used channel estimator and shows
promise in the literature [49], compared with the estimator with the other types of
interpolations such as the linear interpolation. Two set of simulations are considered:


Re-use of CP/FFT relationship in the PTP scenario, i.e., normal CP length with
7% FFT size (only for 𝜇 = 0).
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Extended CP with 25% of FFT size. Note that due to the increase of CP length,
the number of OFDM symbol in the control region decreases (𝜇 = 0, -1 and -2)

The pilot granularity remains the same in both scenarios, and the aggregation level 2 is
considered. The corresponding simulation results are presented in Figure 28.

Figure 28. Required CNR vs corresponding echo delay (PDCCH, AL = 2)
With numerology 0, both normal and extended CPs can work properly with the time delay
equivalent to the normal CP duration. Then the larger the time delay, the higher the
required CNR for normal CP, due to the increased ISI. However, the required CNR for
the extended CP is increased even within the CP duration. Regarding the maximum
channel delay spread to be tolerated, both normal CP and extended CP can support up
to around 16𝜇𝑠, aligned with the theoretical limit as calculated previously.
Considering the different values of 𝜇, due to the increased useful symbol duration, the
case with the extended CP can tolerate the maximum channel delay spread up to the
corresponding theoretical limits. Beyond those limits, the required CNR for the PDCCH
with the current DMRS pattern (i.e., 𝐷𝑥 = 4) immediately raises to a considerably high
level. In the following we provide an analysis of these results and discuss possible
solutions.
a) Analysis
Focusing on the numerology 0, the usage of extended CP does not help to increase the
PTM coverage and the required CNR to achieve the same BLER is increased with
extended CP. Two aspects can be highlighted:


CNR loss with increased CP

The insertion of CP disperses the transmitter energy (the amount of consumed power
depends on how large the CP length), where the signal-to-noise (SNR) lost due to the
CP introduction indicates the loss of transmission energy. The loss factor is given as:
CNR 𝑙𝑜𝑠𝑠 = −10𝑙𝑜𝑔10 (1 −
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which is equivalent to the increase of noise variance (if fixed symbol energy.), thus yields
an increased channel estimation error at the pilot position. As we can see the comparison
in Figure 29, with a relatively short 2nd path delay, both normal and extended CP
scenarios can still reconstruct the channel within an acceptable offset range. However,
in Figure 30, with higher 2nd path delay (but still inside the CP duration), with normal CP,
the channel can be reconstructed, which is not the case for the extended CP. Combining
with the second aspect, the setting with the extended CP results in that the channel
almost unable to be reconstructed.


Not enough pilot to catch the channel variant

When the delay of the second path increases, we obtained the simulation results for
estimated and ideal channel as well. Comparing the two figures at the left side of Figure
30, with normal CP, the interpolation almost perfectly captures the channel variant.
However, with extended CP, even with perfect channel estimation at the pilot position,
the interpolation cannot reconstruct the channel due to the low pilot granularity, and this
can cause the corresponding channel estimation error is further amplified by the
increased noise due to the increase of CP (see last point in the figure), as shown in the
right two figures in Figure 30.

Figure 29. Normal & extended CP with 0.1 ∗ 𝑇𝑐𝑝 as delay for the second path.
To elaborate more on the relationship between the pilot granularity in the frequency
domain and the supported maximum delay spread of the channel, we consider the
requirement of the DFT-based channel estimation/interpolation. As discussed in [49] and
its related works, one requirement should be fulfilled in order to ensure that the DFTbased interpolation can work properly: The number of pilots should be much greater than
the channel delay spread (counted as the number of the channel delay taps in the time
domain). The frequency domain pilot granularity in the current PDCCH DMRS pattern
cannot meet this requirement in the certain scenarios (see the time delay of 0.6 ∗ Tcp in
the Figure 27 and 25), which causes the imperfection of the DFT-based channel
estimation, thus the performance degradation of the system.

56

5G-Xcast_D3.2

Figure 30. Normal & extended CP with 0.6 ∗ 𝑇𝑐𝑝 as delay for the second path.
b) Solutions to increase coverage
One solution to enhance the coverage capability is to use the negative numerology as
proposed previously. Another possible solution is to design new PDCCH DMRS pattern,
especially for the extended CP. Recall the relationship between the distance between
two frequency domain PDCCH DMRS symbols and the supporting delay spread of the
channel, one can design the control channel frame or the DMRS pattern by decreasing
𝐷𝑥 . This, however, can result in the significantly decreased number of available REs for
the control channel payload transmission, considering the limited number of available
radio resources and very low spectral efficiency in the control channel.
5.1.5.4 Coverage Evaluations of Different Numerologies
This subsection provides coverage simulations in fixed rooftop and mobile environments
for different numerology options. The simulation parameters are aligned with [51] and a
summary is presented in Table 23 and Table 24.
Table 23 Network Parameters
Parameter

MPMT

HPHT-1

HPHT-2

LPLT

ISD

50km

125km

173.2km

15km

BS Power

60dBm

70dBm

70dBm

46 dBm

Carrier
frequency

700MHz

Channel
BW

10MHz as baseline

BS antenna
gain

10.5dBi

13dBi
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Cellular
Layout

Hexagonal grid,
61 cell sites, 1
sector per site

Hexagonal grid,
61 cell sites, 1
sector per site

Hexagonal grid,
61 cell sites, 1
sector per site

Hexagonal grid,
61 cell sites,3
sector per site

Table 24 Channel characteristics for considered environments
Parameter

Propagation model

Receiving antenna
height

Rooftop

Car-mounted

ITU-R P.1546-5

ITU-R P.1546-5

50% / 1%
(serving /
interfering)

50% / 1%
(serving /
interfering)

10m

1.5m

5.1.5.4.1 Fixed rooftop environment
This section presents the results for the fixed rooftop receiving environment with a
directional receiving antenna where the evaluation methodology is detailed in [52-53].
The simulation results appear in the plots below where each curve represents a specific
numerology with the CP/Tu fraction shown. Only the 200/800 (i.e., 800µs Tu, 200 µs CP)
numerology has been standardised in LTE Rel’14 – the other numerologies have been
hypothesised in order to show the benefit of increasing the CP and/or Tu. In all cases
the reference signal pattern of the existing 200 µs CP numerology has been assumed.
Under this assumption, increasing Tu similarly increases the equalisation interval (EI) the interval over which echoes with long delays may be correctly equalised. As the
results show, increasing Tu may significantly increase a network’s capacity.

Figure 31 SINR vs Coverage Probability at the location of minimum capacity for the
network configurations shown. Fixed rooftop reception. HPHT1 (left) and HPHT2 (right).
The SINR achieved for 95% locations is summarised in the Table 25.
Table 25 Achievable SINR (dB) at 95% locations. Fixed rooftop reception.
CP/
Tu (µs)
HPHT1
HPHT2

200/
800
0.35
-2.19

200/
1800
6.55
-1.71

200/
2800
8.86
3.42

200/
200/
400/
400/
400/
3800 4800 1600 2600 3600
10.06 10.99 11.52 13.76 16.42
4.57
5.32 -1.53 5.35
6.5
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Table 25 shows that, for HPHT1 and HPT2, increasing the CP to 400 µs would
significantly increase the achievable SINR compared with the existing 200 µs CP. It can
also be seen that simultaneously increasing the useful symbol duration (Tu) up to 4,600
µs would be similarly beneficial. Increasing Tu in order to reduce LTE’s conventional
Cp/(Tu + CP) ratio of 20% would also reduce the overhead given over to the CP, as
Table 26 shows.
Table 26 Carrier spacings and CP overhead for numerologies used in simulations
CP/
Tu (µs)
Carrier Spacing (Hz)
CP/(Tu + CP)
Overhead

200/
800
1250

200/
1800
556

200/
2800
357

200/
3800
263

200/
4800
208

400/
1600
625

400/
2600
385

400/
3600
278

400/
4600
217

20%

10%

6.7%

5%

4%

20%

13.3%

10%

8%

5.1.5.4.2 Mobile environments
This section presents the results for the mobile reception environment with an omnidirectional receiving antenna where the methodology is detailed in [52-53].

Figure 32: SINR vs Coverage Probability at the Location of Minimum Capacity for car
mounted reception. MPMT (left), LPLT (right).
The SINR achieved for 95% locations is summarised in the Table 27.
Table 27 Achievable SINR (dB) at 95% locations. Car mounted reception
CP/
Tu (µs)
MPMT
LPLT

100/
400
2.1
11.6

200/
800
6.0
15.6

200/
1800
8.8
15.6

200/
2800
9.2
15.6

200/
3800
9.2
15.6

200/
4800
9.3
15.6

400/
1600
9.2
15.6

400/
2600
9.5
15.6

400/
3600
9.5
15.6

400/
4600
9.5
15.6

Table 27 shows that there may be some merit in introducing an additional numerology
for the 200 µs CP with a longer Tu (e.g. 1800 or 2800 µs) in order to improve the capacity
in this reception mode for MPMT networks. However, the Doppler performance of such
a numerology would have to be carefully considered.
The table also shows that there would be no benefit in increasing the CP or the Tu for
this reception mode from LPLT networks. Furthermore, shortening the CP would reduce
the achievable SINR – it would degrade from 15.6 dB to 11.6 dB.
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However, the degradation is tolerable as a usefully high SINR would still be achievable.
Most importantly, the 100µs would improve the Doppler performance of the system by
approximately a factor of two relative to the existing 200µs numerology. Thus the shorter,
100µs CP would be a good compromise between Doppler performance and coverage
for LPLT networks.

Ultra-Reliable Low Latency Communications for Public Warning and
Automotive
5.2.1 Mobility
This section follows the same procedure than section 4.2.1 and evaluates the PTM
modes for a TU-6 scenario with variable speed.
All designed numerologies, both in the MM and TB, are evaluated in order to observe
their influence on the maximum user speed tolerated. The DMRS configurations
developed in section 3 are here assumed. Real channel estimation (linear in time, FFT
in frequency) with MCS 3 is used in all cases.

Figure 33. CNR against user speed for 5G-Xcast PTM modes in TU-6 mobile channel.
Results in Figure 18 show that the use of a different numerology has a great impact on
the mobility tolerance. The MM has been designed with higher SCS and therefore the
maximum user speed permitted is much higher than the TB, originally designed for fixed
reception.
The mixed mode allows Doppler shifts of up to 1350 Hz with numerology 0, equivalent
to 2080 km/h in a frequency band of 700 MHz, typical from multicast and broadcast
scenarios. The other two numerologies, i.e. -1 and -2 reduce the maximum speed to 775
and 330 Hz, equivalent to 1200 and 510 km/h. Therefore, all numerologies in the MM
fulfil the mobility requirement at 700 MHz, if the MCS selected is robust enough. In
the 4 GHz frequency band, only the numerology 0 provides user speeds higher than
250 km/h. The rest of numerologies are well below this value.
Compared to the MM, the user speeds permitted with TB mode are considerably lower.
TB has been designed to support high-demanding coverage requirements in fixed
reception scenarios, which implies the use of long CPs that in turn require narrow a
carrier spacing. This considerably limits the use of 5G for mobility scenarios. The SCS
of 2.5 kHz represents a compromise between both options. In this case, the coverage
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is limited, but the mobility is still relatively high, i.e. 260 Hz equivalent to 400 km/h at 700
MHz. As main drawback, this is only valid for low throughputs that are not ideal for these
type of scenarios. The SCS 1.25 kHz and 625 Hz are not suitable for mobility
conditions, since these modes only permit user speeds of 150 and 80 km/h respectively
with MCS 3. If a less robust mode is selected, maximum speeds are even lower.

5.2.2 Latency
The next section describes the user plane latency for the MM and the TB, for all
configurations designed in Section 3.
5.2.2.1 Mixed Mode
As done in section 4, we assume UE capability 2. This analysis presents first an example
for numerology -2, extended CP (3 symbols) with non-slot based scheduling of 2 symbols
and probability of retransmission 𝑝 = 0.1. It is also necessary to define values for N1 and
N2, since they are only defined in 3GPP for positive numerologies. We assume N1=2 and
N2=2,5 for numerology -2 and N1=2,5 and N2=4 for numerology -1.
a) First transmission
The processing time in the gNB, 𝑡𝐵𝑆,𝑡𝑥 , in this case is 356,8 µs. To start transmitting the
content, the gNB needs to be aligned with the first possible symbol to transmit. The gNB
waits a minimum time 𝑡𝐹𝐴1 of 309,9 µs and a maximum time of 643,2 µs. On average,
the time needed is 476,6 µs. Then, the TTI is transmitted in 666,6 µs. Finally, the
processing time in the UE, 𝑡𝑈𝐸,𝑟𝑥 , is 285,4 µs. The total time needed for the data
transmission without HARQ, 𝑇1 , is 1,78 ms.
b) HARQ petition
If the data is not correctly received, then the UE sends the HARQ petition. The UE then
needs 285,4 µs to process the petition, and waits an average time 𝑡𝐹𝐴1 of 95,8 µs. The
time for the HARQ petition is 1 OFDM symbol, having that 𝑡𝐻𝐴𝑅𝑄 is 333,3 µs. The gNB
then processes the request in 356,8 µs. In total, the HARQ petition needs a time 𝑇2 of
1,1 ms.
c) HARQ retransmission
The gNB processes the retransmission in 356,8 µs and, on average, needs 286,5 µs to
be aligned with the TTI and retransmit. Then, the data is retransmitted in 666,6 µs, and
the UE processes the data again in 285,4 µs. The total time of retransmission 𝑇3 is 1,6
ms. The total user plane latency with a probability of retransmission 𝑝 = 0.1 is therefore
2,05 ms.

Figure 34. User plane latency for numerology -2, with non-slot based scheduling of 2
symbols. Minimum frame alignment. Comparison with PTP µ=0.
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The process can be easily extrapolated to all numerologies, as well as different slot
configurations. In this deliverable, we assume FDD for the latency calculation. The
results are summarized in Table 28.
Table 28. User plane latency (ms) with the Mixed Mode.
Slot
HARQ
µ = -2
µ = -1
configuration
probability
1,78
0,93
𝑝=0
2 symbols
2,08
1,09
𝑝 = 0,1
4,78
2,60
𝑝=1
1,43
𝑝=0
4 symbols
1,66
𝑝 = 0,1
3,76
𝑝=1
𝑝=0
7 symbols
𝑝 = 0,1
𝑝=1

µ=0
0,56
0,66
1,56
0,82
0,95
2,14
1,19
1,34
2,77

5.2.2.2 Terrestrial Broadcast
This analysis presents first an example for a SCS of 625 kHz, with extended CP (1
symbol), slot based scheduling of 1 symbol and probability of retransmission 𝑝 = 0. It is
important to note that the TB mode is a DL-only configuration, and therefore there is no
possible retransmission in the process. It is also necessary to define values for N1 and
N2, since they are only defined in 3GPP for positive numerologies. We assume N1=1 and
N2=1 for all configurations.
The processing time in the gNB, 𝑡𝐵𝑆,𝑡𝑥 , in this case is 856,2 µs. The gNB waits a time
𝑡𝐹𝐴1 that is always 143,8 µs. This is because of the use of a single symbol per TTI. Then,
the TTI is transmitted in 1 ms and the processing time in the UE, 𝑡𝑈𝐸,𝑟𝑥 , is 856,2 µs. The
total time needed for a TB transmission is 2,85 ms. The process can be easily
extrapolated to all numerologies, as shown in Table 29.
Table 29. User plane latency (ms) with 5G Terrestrial Broadcast.
Slot
625 Hz
1,25 kHz
2,5 kHz
configuration
(µ = -4.5)
(µ = -3.5)
(µ = -2.5)
1 symbol
2,85
2,42
1,21
2 symbols
1,96
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6 Conclusions
Air Interface Design of 5G Mixed Mode and Terrestrial Broadcast
The 5G-Xcast air interface has been divided into three modes, i.e. Single-Cell Mixed
Mode (SC-MM), Multi-Cell Mixed Mode (MC-MM) and Terrestrial Broadcast (TB).

6.1.1 Single-Cell Mixed Mode
This mode has been designed as a flexible single-cell solution that enables the dynamic
allocation of unicast and multicast services both in the downlink and the uplink. SC-MM
has a common air interface with 5G NR Rel’15 PTP in order to keep backwards
compatibility. However, some modifications have been defined to enable group
communications in both physical downlink and uplink channels:
-

G-RNTI: SC-MM includes the use of the G-RNTI, a group identifier acquired during
RRC connections that helps UEs to scramble and descramble the CRC sequence.
G-RNTI is based on C-RNTI, but it enables group communications. The definition
of a common RNTI identifier permits the simultaneous discovery of scheduling
information by groups of users interested in the same content over the same cell.

-

Multicast DCI format: the delivery of multicast content may introduce some changes
on the control information (DCI bits) sent to UEs via PDCCH. The definition of new
DCI patterns based on 5G unicast formats has been explored. This would imply the
delivery of the same DCI message to all UEs interested in a particular content.
This way, UEs would access to the same PDSCH resources thanks to the same
scheduling information.

-

Multicast CORESET: the transmission of a single DCI message implies the
transmission of a single CORESET. Depending on the number of UEs requesting the
same content, the transmission of a single multicast CORESET introduces a PDCCH
overhead reduction from 50% up to 90%.

-

Feedback evaluation: SC-MM has also evaluated the use of feedback mechanisms
in multicast communications. In particular, uplink mechanisms such as AMC and
HARQ feedback have been considered. If few UEs request feedback transmissions,
link adaptation schemes and HARQ retransmissions can provide considerable
performance improvements. However, if many UEs send requests, feedback
schemes may introduce considerable overheads and even collapse the PUCCH.

6.1.2 Multi-Cell Mixed Mode
It has been proposed as a scalable PTM solution to deliver unicast and multicast content
dynamically in multiple cells. It is an extension of SC-MM. Among all possible multiple
cell coordination mechanisms, 5G-Xcast has considered the inclusion of a SFN
operation mode. To enable SFN transmissions, the following air interface parameters
have been proposed:
-

Common cell scrambling sequence: used to determine control and data location
as well as DMRS values. In SFN deployments, the same content is transmitted from
different sites. Therefore, MC-MM initialises the same scrambling sequence for all
the serving cells. This configuration provides SFN gains in multi-cell deployments,
mitigating interferences between adjacent cells.

-

Negative numerologies and extended CP: the MC-MM solution has defined the
use of negative numerologies combined with extended CPs to increase the coverage
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in SFN scenarios. These numerologies have been proposed for the same PDSCH
channel. In 5G-Xcast, numerologies 0, - 1 and - 2 have been considered as
compatible solutions with the mini-slot frame structures proposed in this channel. The
lower the numerology, the larger the ISD. The largest ISD is 30 km, achieved with
numerology -2. This represents an important increase compared to PTP (1.4 km).
-

Channel estimation mechanisms: new numerologies need new pilot patterns.
Therefore, additional DMRS signals have been designed to enable channel
estimation in SFN areas. The designed DMRS signals fulfil the IMT-2020 mobility
requirement, providing theoretical user speeds higher than 500 km/h in all cases.

-

Feedback evaluation: MC-MM has also considered the design of feedback
coordination between multiple cells.

6.1.3 Terrestrial Broadcast
A TB mode has been additionally proposed to enable dedicated transmissions of
multimedia and TV services in a static manner. It is a DL-only mode, and therefore UEs
do not need to register to the network. This mode goes from more cellular-oriented LPLT
to traditional broadcast HPHT deployments. In order to enable this type of service, it
breaks some of the backwards compatible rules. The proposed modifications are the
following:
-

Physical Terrestrial Broadcast Channel (PTBCH): a new physical channel has
been designed to introduce new cyclic prefixes, reference signals and SFN control
regions in the 5G NR physical layer in a flexible way that the current PDSCH air
interface does not cover.

-

New extended CPs and longer subframes: three extended CP combinations have
been proposed to cover nation-wise ISDs, i.e. 100, 200 and 400 µs. The specific
case of 400 µs expands the subframe duration to 2 ms, but is crucial to enable up to
120 km of coverage, covering the IMT-2020 requirement for broadcast coverage of
100 km.

-

Channel estimation mechanisms: as previously done, additional DMRS signals
have been designed in the PTBCH to enable channel estimation in large SFN areas.
Dense patterns increase the SFN equalization interval and mobility tolerance at the
expense of introducing larger overheads.

-

5G Cell Acquisition Subframe: Terrestrial Broadcast also includes the design of
the 5G Cell Acquisition Subframe (5G CAS) for the correct reception of the PTBCH.
It is sent in 1 out of 40 subframes and reuses the negative numerologies from the
MC-MM.

Performance Evaluation of 5G NR (PTP)
The 5G-Xcast project is currently contributing to the IMT-2020 evaluation process, since
5G-PPP is a registered independent evaluation group at ITU-R. This deliverable utilizes
KPIs defined in the IMT-2020 guidelines [43] and analyses them against the
requirements defined in [46]. In particular, 5G-Xcast has contributed or plans to
contribute to the following KPIs: bandwidth, peak data rate, peak spectral efficiency,
mobility and latency. The 3 first KPIs are addressed in section 6.2.1, since they are
related to eMBB, while the main outcomes for mobility and latency, related to URLLC are
presented in section 6.2.2.
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6.2.1 Enhanced Mobile Broadband (eMBB)
The following KPIs have been considered for inspection and analysis: bandwidth, peak
data rate and peak spectral efficiency. The main outcomes are:
-

The maximum supported bandwidth depends on the numerology and frequency
range (FR). By aggregating 16 component carriers, transmission bandwidths up to
6.4 GHz are supported in NR Rel’15 when transmitting in FR2 with numerology 3.

-

The peak data rate also has a strong dependency on the numerology and the FR
used. It also depends on the frame structure, the OH introduced, the number of MIMO
layers or the aggregation carriers. The peak data rate is 173.57 Gbps with 8 layers,
numerology 1 and a total BW of 6.4 GHz (16 aggregated carriers).

-

The peak spectral efficiency is 6.09 bit/s/Hz for SISO and 48.78 bit/s/Hz for MIMO
with 8 layers, obtained for numerology 1 and FR1.

The analysed KPIs fulfil the IMT-2020 requirements as defined in [46]. The
requirements are:
Table 30. KPI analysis and the associated IMT-2020 requirements.
KPI
5G-Xcast analysis
IMT-2020 requirement
Bandwidth
6.4 GHz
100 MHz / 1 GHz
Peak data rate
173.57 Gbps
20 Gbps
Peak spectral efficiency
48.78 bit/s/Hz
30 bit/s/Hz
Mobility
Variable (see Section 6.2.2)
500 km/h
Additionally, the BICM performance of both PDSCH and PDCCH channels has been
evaluated through link-level simulations. It has been shown that the PDSCH performance
in 5G for AWGN when using a single antenna port and layer is significantly better than
4G LTE, achieving gains from 0.5 to 1 dB, depending on the MCS employed. The use
of Low-Density Parity Check (LDPC) codes provides significant performance gains.
However, there is room for improvement since the gap to ATSC 3.0 is still high, especially
for high CNR values because of the use of non-uniform constellations [54-57].
The use of MIMO drastically increases the BICM spectral efficiency. In fact, NR exceeds
the SISO capacity if the CNR is high enough. The throughputs provided in this case are
extremely high compared to SISO for the same minimum CNR requirement. The
performance of NR has been also evaluated for the IMT-2020 evaluation scenarios.
Indoor hotspot, dense urban and rural environments have been considered.
The main conclusion from PDCCH results is that a higher aggregation level (AL)
generally gives more protection to the codewords, which is reflected on the required
CNR, by trading more occupied bandwidth. The minimum CNR in this case is obtained
with AL 8, obtaining -10 dB. This value is lower than any possible value obtained with
PDSCH, which facilitates the demodulation in real scenarios.

6.2.2 Ultra-Reliable Low Latency Communications (URLLC)
Public warning and automotive verticals are related to URLLC communications. The
selected scenarios have been evaluated with the mobility and user plane latency KPIs.
The IMT-2020 requirement for unicast transmissions is a user speed of 500 km/h [46],
while 1 ms is required at most for user plane latency.
Three numerologies have been evaluated for PDSCH in frequency range 1, i.e. 0, 1 and
2. Real channel estimation with MCS 3 is used in all cases, since this type of robust
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schemes are usually related to mobility scenarios. Results have shown that all possible
numerologies and DMRS signals fulfil the requirement at 700 MHz. On the other
hand, numerology 1 with more than 2 DMRS symbols is at least required at 4 GHz
with this modulation and coding scheme. The requirement of 500 km/h is not fulfilled in
any case with numerology 0. The use of a higher MCS 15 further reduces these limits.
The maximum Doppler speed value is reduced to half compared to MCS 3.
Following these results, the PDCCH has been evaluated for numerology 0, the most
demanding configuration in terms of mobility. Results have shown that the PDCCH
meets the mobility requirements for any AL and for all considered frequency bands.
This affirmation can be extended to all numerologies available in 5G NR PTP.
The results on user plane latency have shown that this KPI is highly dependent on the
numerology and the number of HARQ retransmissions. Without retransmission, the
analysis has provided a minimum user plane latency of 0.23 ms, with numerology 2.
This number increases to 0.27 ms if the probability of a retransmission is 0.1. With 1
complete retransmission, the user plane latency goes up to 0.66 ms. In any case, the
IMT-2020 requirement of 1 ms is met with 5G PTP.

Performance Evaluation of 5G Mixed Mode and Terrestrial Broadcast
The KPIs described in section 6.2 have been also applied to the new designed MM and
TB modes and compared with 5G NR unicast for the considered scenarios of interest.
An additional coverage KPI has been evaluated, as it is exclusive from multicast and
broadcast deployments.

6.3.1 Enhanced Mobile Broadband (eMBB)
The main outcomes for this scenario are the following:
-

The maximum bandwidth is 50 MHz, for all numerologies proposed. This value
applies to both MM and TB. The use of these modes is only permitted in FR1.

-

SC-MM and MC-MM provide a clear data rate gain compared to unicast,
especially for high numbers of users. This is due to the use of a single CORESET
that saves 72 REs per user. This gain is even further increased when using multiple
carriers. The data rate with the MM is 38.54 Gbps, the same than the unicast peak
data rate with a single user, but the gain with a high number of users goes up to 9.15
Gbps.

-

There is a trade-off in data rate and coverage with the TB mode. The data rate is
30.78 Gbps. Although this data rate is lower than unicast (due to the use of CAS),
this permits to enable large coverage areas up to 120 km.

-

The two previous conclusions can be extrapolated to the spectral efficiency gain
analysis.

The BICM spectral efficiency has been evaluated against the CNR performance in
specific SFN scenarios for PDSCH in MC-MM and PTBCH in TB. These scenarios have
been modelled with a 0 dB echo channel. The MC-MM with numerology 0 and therefore
same carrier spacing than LTE provides better performance. Additional gains are
obtained with numerologies -1 and -2, due to the subcarrier density increase. TB also
provides higher BICM spectral efficiency than LTE enTV thanks to the use of LDPC
coding, among others.
SFN studies have revealed that the MC-MM coverage is limited by the Cyclic Prefix and
the Nyquist limit, and configurations with longer CP provide higher coverage. Naturally,
the TB mode outperforms LTE enTV in terms of SFN coverage thanks to the definition
of the new CP of 400 µs, with 120 km of ISD.
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Regarding the PDCCH, it has been shown that with numerology 0, both normal and
extended CPs can work properly in SFN scenarios. In particular, the larger the time
delay, the higher the required CNR for normal CP, due to the increased ISI. However,
the required CNR for the extended CP is increased even within the CP duration.
Considering the different values of 𝜇, due to the increased useful symbol duration, the
case with the extended CP can tolerate the maximum channel delay spread up to the
corresponding theoretical limits.

6.3.2 Ultra-Reliable Low Latency Communications (URLLC)
This section assumes similar mobility results for control than those obtained for PTP and
focuses on data. The new numerologies defined for both MC-MM and TB modes have
been evaluated in terms of user speed and Doppler resilience. Real channel estimation
with MCS 3 is used in all cases. All numerologies in the MC-MM fulfil the mobility
requirement at 700 MHz, for the MCS under consideration, having 510 km/h as the
more limited requirement with numerology -2. In the frequency band of 4 GHz, only the
numerology 0 provides user speeds higher than 250 km/h.
User speeds permitted with the TB mode are considerably lower, since the designed
SCS are initially designed for fixed reception and therefore considerably narrower. The
SCS of 2.5 kHz is the only option where the mobility is still relatively high, i.e. 400 km/h
at 700 MHz. The SCS 1.25 kHz and 625 Hz are not suitable for mobility conditions,
since these modes only permit user speeds of 150 and 80 km/h in this representative
band.
The results on user plane latency for the Mixed Mode show that the minimum user
plane latency is 0.56 ms, with numerology 0. This number increases to 0.66 ms if the
probability of a retransmission is 0.1. With 1 complete retransmission, the user plane
latency goes up to 1.56 ms. Therefore, the requirement of 1 ms is only fulfilled if no
retransmission takes place.
With the TB mode, there is no retransmission. The lowest possible value has been
achieved with the narrowest SCS of 2.5 kHz. The latency obtained is 1.21 ms, which
does not fulfil the URLLC requirement, but it is below the 4 ms of eMBB use cases.
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A Physical Layer Transmitter Block Diagrams
A.1 Physical Downlink Control Channel (PDCCH)
In this section, the PDCCH processing chain is introduced, including the effective code
rate calculation. Control information for one or multiple UEs is contained in a Downlink
Control Information (DCI) message and is transmitted through the Physical Downlink
Control Channel (PDCCH). Different DCI formats are defined with respect to different
purpose of the DCI message.

Figure 35. PDCCH block diagram.
For NR, in the current version of the 3GPP document TS 38.212 [41], the available
formats specifically for scheduling of PDSCH are:



Format 1_0: used for the scheduling of PDSCH in one DL cell.
Format 1_1: used for the scheduling of PDSCH in one cell.

Taking format 1_0 with CRC scrambled by C-RNTI, the information and corresponding
occupied bit positions are summarized as follows:
Table 31. DCI Format 1_0 content.
Field

Bits

Identifier for DCI formats

1

Frequency domain resource
assignments

Variable

Time domain resource
assignment
VRB-to-PRB mapping
Modulation and coding scheme
New data indicator
Redundancy version
HARQ process number
Downlink assignment index
TPC command assignment for
scheduled PUCCH
PUCCH resource indicator
PDSCH-to-HARQ feedback timing
indicator

Comments
Always set to 1, indicating a CL
format
Depending on the Resource Blocks
inside the downlink bandwidth part
(BWP)

1
5
1
2
4
2

Interleaved or non-interleaved RB

2
3
3

This format is for the unicast purpose, and some of the fields do not have strong relations
with PTM, such as fields related to PUCCH and for the HARQ process. Moreover, there
is no format that supports CRC (Cyclic Redundancy Check) scrambled by m-RNTI
(MBMS-RNTI) or g-RNTI (group-RNTI).
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a) DCI coding
After deciding the DCI format, for example, the DCI includes 𝐴 bits of information bits.
To form the PDCCH payload, the DCI has to undergo coding processes, including:








CRC attachment: The parity bits are generated by one of the six available cyclic
generator polynomials [41], where the generator polynomial g CRC24C (D) is used,
which makes the DCI bits now has a length of (A + 24) bits.
Code block segmentation and code block CRC attachment: depending on the
length of the input bit sequence i.e.A, it will be segmented into at most 2 code
blocks, and each of them will be attached with 24 bits of CRC parity check bits.
Channel Coding: the details of polar encoding can be found in [41]. Given the
length of the polar encoded bits 𝑁, where 𝑁 = 2𝑛 , and the value of n is a
positive integer between 5 and 9 (including 5 and 9). Therefore, the maximum
length of the encoded bits is fixed at 29 = 512.
Rate Matching: defined per coded block and consists of sub-block interleaving,
bit collection, and bit interleaving. But according to the 3GPP document, the flag
of doing bit interleaving is set to be 0. Denoting the length of DCI message after
rate matching as 𝐸.

b) PDCCH processing
Before being mapped onto the resource elements, the coded DCI bits have to be further
processed, including:




Multiplexing and Scrambling: blocks of coded bits for each control channel
are multiplexed and scrambled in order to create a block of data.
Modulation: the available modulation for control channel bits is only QPSK.
Layer Mapping and Precoding: these processes mapped the complex-valued
modulation symbols for each of the codewords onto one or several layers and
transmitted by different antenna ports. The mapping logistics are covered in
[41].

c) Extra: Matching PDCCH to CCE Positions
As occurred in LTE, PDCCH is still categorised into Common and UE-specific PDCCH.
Each type supports a specific set of search spaces. Each search space consists of a
group of consecutive CCEs which could be allocated to a PDCCH called a PDCCH
candidate. Some of the LTE resource allocation unit remains in NR which includes:





Resource Element (RE)
Resource Element Group (REG)
Control Channel Element (CCE)
Aggregation Level (AL), with additional supported level, i.e., aggregation level
16.

The relation between REG and CCE has changed in NR, i.e., 1 CCE is now made up 6
REGs and 1 REG is now made up of one resource block (12 REs in the frequency
domain) and one OFDM symbol in the time domain. Also, some new units are added in
NR, including:


REG Bundle: One REG bundle is made up of multiple REGs.
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Control Resource Set (CORESET): A CORESET is made up of multiples RBs
(i.e., multiples of 12 REs) in the frequency domain and ‘1’ or ‘2’ or ‘3’ OFDM
symbols in the time domain. CORESET is equivalent to the control region in
LTE subframe. A UE can be configured with multiple CORESETs and each
CORESET is associated with one CCE-to-REG mapping only [41].

Figure 36 gives an example of the mapping procedure from RE (REG) to CCE with
aggregation level of 1. In this example, 3 OFDM symbols in the time domain are used
for the control region, and there are totally two CCEs in the CORSET.

Figure 36. RE mapping procedure in PDCCH for aggregation level 1
In Figure 36, the total available REs inside one CCE of this CORESET is given by:
𝑅𝐸𝑎𝑣𝑎𝑖𝑙 = 𝐴𝐿 ∗ (𝑅𝐸𝐺 𝑝𝑒𝑟 𝐶𝐶𝐸) ∗ (𝑅𝐸 𝑝𝑒𝑟 𝑅𝐸𝐺) = 1 ∗ 6 ∗ 12 = 72
which means the total available bits position in one CCE equals to 72 ∗ 2 = 144 bits
(QPSK modulation) i.e., the length of bits after rate matching.

A.2 Physical Downlink Shared Channel (PDSCH)
In the transmitter block, the input variables, i.e. the information bits from upper layers are
channel encoded, mapped, interleaved, and OFDM modulated, according to the
configuration under evaluation. Figure 37 illustrates the LTE transmitter block diagram.

TB

FEC
Encoder

CB

Scrambler

MAP

Layer
Mapper

TB

FEC
Encoder

CB

Scrambler

MAP

RE Mapper

OFDM

RE Mapper

OFDM

Precoding

Figure 37. NR Link-level transmitter block diagram.
The channel FEC encoder is formed by segmentation, CRC attachment, LDPC coding
and rate matching. The transmission of the input data bits A is divided into the following
stages:
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A.2.1 Segmentation + CRC attachment
1. A first set of CRC parity bits is generated by a cyclic generator polynomial, with
size L = 24 if A > 3824 and size L = 16 otherwise.
2. The output bits B are segmented into several CBs with size K if B is higher than
the maximum code block size, which depends on the LDPC Base Graph (BG)
used.
3. An additional CRC sequence with always size L = 24 is attached to each CB.
4. Filler bits F are inserted to fit the size K.

Figure 38. Segmentation and CRC attachment process in PDSCH.

A.2.2 LDPC coding
Each CB with size K is coded using a LDPC matrix, which is generated as follows:
1. Initial HBG matrix generated with all zeros.
2. The elements with row and column indices given in Tables 5.3.2-2 (BG1) and
5.3.2-3 (BG2) in [42] are set to 1.
3. H is obtained by replacing each element of HBG with a Zc × Zc matrix.
a. Elements in H with value 0 are replaced by a zero matrix of size Zc × Zc .
b. Elements in H with value 1 are replaced by a circular permutation matrix
I(Pi,j ) of size Zc × Zc , obtained by circularly shifting the identity matrix I of
size Zc × Zc to the right Pi,j times. Values of Pi,j are given in [41].
c
4. Generate the parity bits w with size N such that H × [ ] = 0, where c is the code
w
block with size K.

Figure 39. LDPC coding in PDSCH.

A.2.3 Rate matching
The bits of each CB are interleaved, circular buffered and punctured to provide the real
CR fixed by the MCS. The rate matched bits of all CBs are finally concatenated into a
single codeword.
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Figure 40. Rate matching and concatenation in PDSCH.

A.2.4 Scrambling
Input bits are scrambled prior to modulation for protection against burst errors. Bits are

~

multiplied by a scrambling sequence b (i) 

b(i)  c(i)mod 2 .

A.2.5 Modulation
Bits are transformed into complex-valued symbols using Quadrature Amplitude
Modulation (QAM). Constellation orders used are QPSK, 16QAM, 64QAM and 256QAM.
The selection of the constellation depends on the MCS index provided.

A.2.6 Layer mapping
The complex-valued modulation symbols are next mapped onto one or several
transmission layers and precoded for transmission on the antenna ports.

A.2.7 Resource Element (RE) mapping and waveform
The data symbols are located in the available elements in the resource grid for each
antenna port. Finally, the OFDM signal is generated by means of an inverse Fast Fourier
Transform and the Cyclic Prefix is inserted.
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B Detailed Assumptions Data Rate and Spectral
Efficiency Calculations
B.1 Downlink
Parameters

FDD FR1

Downlink Configuration
TDD FR1

Total number
of aggregated
carriers
J
( j)
 DL

1

0.7643

Highest
modulation
(𝑗)
𝑄𝑚

Scaling factor of
modulation

f ( j)
Max. coding
rate
Rmax

Ts 

Maximum value
allowed for DL

8

256 QAM

1

No capability
mismatch
between
baseband and
RF.

According to
[12]
Depending on
the numerology.
- 264 for BW 200
MHz, SCS 60 kHz

- 273 for BW 100 MHz, SCS 30 kHz
- 135 for BW 100 MHz, SCS 60 kHz

OH ( j )

Maximum CR

10 3
14  2 

- 270 for BW 50 MHz, SCS 15 kHz
𝐵𝑊(𝑗),µ

Note 1

8

0,1,2,3

Ts

𝑁𝑃𝑅𝐵

0.7643

984/1024 = 0.9258



Details
Maximum
allowed value

16

Max. number
of layers
j)
v (Layers

order

TDD FR2

- 0.1037 for BW 50
MHz, SCS 15 kHz

- 0.1192 for BW 50
MHz, SCS 15 kHz

- 0.1036 for BW 100
MHz, SCS 30 kHz

- 0.1193 for BW 100
MHz, SCS 30 kHz

- 0.1076 for BW 100
MHz, SCS 60 kHz

- 0.1235 for BW 100
MHz, SCS 60 kHz

- 264 for BW 400
MHz, SCS 120 kHz

Depending on
the available
bandwidth [10]
and the
numerology.

- 0.1033 for BW
200 MHz, SCS 60
kHz
Note 2
- 0.0999 for BW
400 MHz, SCS 120
kHz

Note 1: FDD/TDD Frame Structure
- For FDD DL, all subframes, slots and OFDM symbols in the 5G NR frame are assigned to DL --------- transmissions.
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- For TDD DL, frame structure: DDDSUDDDSU (6D: Downlink, 2U: Uplink, 2S: Mixed Downlink
aaa
and Uplink) and SFI = 31 with a slot structure allocating 14 OFDM symbols as: 11 DL, 1 GP and
aaaaai 2 UL. Half of the GP symbols are considered as DL resources.
Note 2: Overhead Assumptions
- For FDD FR1:
· Total REs: 10 subframes with 14 OFDM symbols per slot assigned to DL transmissions.
· SS/PBCH: 1 blocks transmitted each 20 slots. Each block is composed of 240 subcarriers x
AAAAAi4 OFDM symbols.
· PDCCH: 1 CORESET per slot with 2 CCEs (12 RB) in all subframes with DL content (All the
----------isubframes).
· PDSCH:
- DMRS: 16 RE/RB/slot in all RBs in all slots in all subframes.
- CSI-RS NZP: 8 RE/RB/slot in all RBs each 20 slots.
- CSI – IM: 4 RE/RB/slot in all RBs each 20 slots.
- CSI-RS (TRS): 12 RE/RB/slot in 52 RBs each 20 slots.
- For TDD FR1:
· Total REs: 6 DL subframes with 14 OFDM symbols per slot and 1 Mixed subframe with----aaaaaai12 OFDM symbols (11 DL and 1 GP) per slot and 1 Mixed subframe with 12 OFDM symbols
aaaaaa(11 DL) assigned to DL transmissions.
· GP: 1 OFDM symbol in each slot in 1 Mixed UL/DL subframe.
· SS/PBCH: 1 block transmitted each 20 slots. Each block is composed of 240 subcarriers x 4
aaaaaaiOFDM symbols.
· PDCCH: 1 CORESET per slot with 2 CCEs (12 RB) in all subframes with DL content (8 out of
aaaaaa 10 subframes).
· PDSCH:
- DMRS: 16 RE/RB/slot in all RBs in all slots in 8 out of 10 subframes.
- CSI-RS NZP: 8 RE/RB/slot in all RBs each 20 slots.
- CSI – IM: 4 RE/RB/slot in all RBs each 20 slots.
- CSI-RS (TRS): 12 RE/RB/slot in 52 RBs each 20 slots.
- For TDD FR2:
· Total REs: 6 DL subframes with 14 OFDM symbols per slot and 1 Mixed subframe with --------12 OFDM symbols (11 DL and 1 GP) per slot and 1 Mixed subframe with 12 OFDM symbols
(
(11 DL) assigned to DL transmissions.
· GP: 1 OFDM symbol in each slot in 1 Mixed UL/DL subframe.
· SS/PBCH: 8 blocks transmitted each 20 slots. Each block 240 subcarriers x 4 OFDM
iiiiiiiiiiiiiiiiisymbols.
· PDCCH: 1 CORESET per slot with 4 CCEs (24 RB) in all subframes with DL content (8 out of
iiiiiiiiiiiiiiii10 subframes).
· PDSCH:
- DMRS: 12 RE/RB/slot in all RBs in all slots in 8 out of 10 subframes.
- CSI-RS NZP: 8 RE/RB/slot in all RBs each 20 slots.
- CSI – IM: 4 RE/RB/slot in all RBs each 20 slots.
- CSI-RS (TRS): 12 RE/RB/slot in 52 RBs each 20 slots.
- PT-RS: 4 RB in 1 OFDM symbol in all slots in 8 out of 10 subframes.
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B.2 Uplink
Parameters

FDD FR1

Uplink Configuration
TDD FR1

Total number of
aggregated
carriers
J
(𝑗)

𝛼𝑈𝐿

1

0.6375

Highest
modulation
(𝑗)
𝑄𝑚

Scaling factor of
modulation

f ( j)
Max. coding rate
Rmax

Ts 

Maximum value
allowed for UL

8

256 QAM

1

No capability
mismatch
between
baseband and
RF.

According to
[12]
Depending on
the numerology.
- 264 for BW 200
MHz, SCS 60 kHz

- 273 for BW 100 MHz, SCS 30 kHz
- 135 for BW 100 MHz, SCS 60 kHz

- 0.0834 for BW
50 MHz, SCS 15
kHz

OH ( j )

Maximum CR

10 3
14  2 

- 270 for BW 50 MHz, SCS 15 kHz
𝐵𝑊(𝑗),µ

Note 1

4

0,1,2,3

Ts

𝑁𝑃𝑅𝐵

0.6375

984/1024 = 0.9258



Details
Maximum value
allowed

16

Max. number of
layers
j)
v (Layers

order

TDD FR2

- 0.1194 for BW 50
MHz, SCS 15 kHz

- 0.0815 for BW
100 MHz, SCS 30
kHz

- 0.1163 for BW 100
MHz, SCS 30 kHz

-0.0826 for BW
100 MHz, SCS 60
kHz

- 0.1174 for BW 100
MHz, SCS 60 kHz

- 264 for BW 400
MHz, SCS 120 kHz

Depending on
the available
bandwidth [10]
and the
numerology.

- 0.1163 for BW
200 MHz, SCS 60
kHz
Note 2
- 0.1155 for BW
400 MHz, SCS 120
kHz

Note 1: FDD/TDD Frame Structure
- For FDD UL, all subframes, slots and OFDM symbols in the 5G NR frame are assigned to UL --------- -transmissions.
- For TDD UL, frame structure: UUUSDUUUSD (6U: Uplink, 2D: Downlink, 2S: Mixed Downlink
iiiiiiiiiiiiiiiiand Uplink) and SFI = 31 with a slot structure allocating 14 OFDM symbols as: 11 DL, 1 GP
iiiiiiiiiiiiiiiiand 2 UL.
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Note 2: Overhead Assumptions
- For FDD FR1:
· Total REs: 10 subframes where all slots convey 14 OFDM symbols for UL transmissions.
· PRACH: Preamble #71, 12 RB in 6 OFDM symbols in each slot in 2 out of 10 subframes.
· PUCCH: Format 3 to convey CSI, HARQ ACK/NACK and SR. 2 RB in 2 OFDM Symbols in
iiiiiiiiiiiiiiiieach slot in 10 out of 10 subframes.
· PUSCH:
- DMRS: 12 RE/RB/slot in all RBs in all slots in all subframes.
- SRS: 12 RE/RB in all RBs of 1 OFDM symbol each 10 slots.
- For TDD FR1:
· Total REs: 6 UL subframes with 14 OFDM symbols per slot, 1 Mixed subframe with 2
iiiiiiiiiiiiiiiiiOFDM-symbols per slot and 1 Mixed subframe with 3 OFDM symbols per slot assigned to
iiiiiiiiiiiiiiiiiUL transmissions.
· PRACH: Preamble #71, 12 RB in 6 OFDM symbols in 2 out of 10 subframes.
· PUCCH: Format 3 to convey CSI, HARQ ACK/NACK and SR. 2 RB in 2 OFDM Symbols in
iiiiiiiiiiiiiiiiieach slot in 6 out of 10 subframes.
· PUSCH:
- DMRS: 12 RE/RB/slot in all RBs in all slots in all subframes.
- SRS: 12 RE/RB in all RBs of 1 OFDM symbol each 10 slots.
- For TDD FR2:
· Total REs: 6 UL subframes with 14 OFDM symbols per slot, 1 Mixed subframe with 2
iiiiiiiiiiiiiiii OFDM symbols per slot and 1 Mixed subframe with 3 OFDM symbols per slot assigned to
iiiiiiiiiiiiii UL transmissions.
· PRACH: Preamble #71, 12 RB in 6 OFDM symbols in 2 out of 10 subframes.
· PUCCH: Format 3 to convey CSI, HARQ ACK/NACK and SR. 2 RB in 2 OFDM symbols in
aaaaaaaeach slot in 6 out of 10 subframes.
· PUSCH:
- DMRS: 12 RE/RB/slot in all RBs in all slots in 8 out of 10 subframes.
- SRS: 12 RE/RB in all RBs of 1 OFDM symbol each 10 slots.
- PT-RS: 4 RB in 1 OFDM symbol in all slots in 8 out of 10 subframes.
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B.3 Terrestrial Broadcast
Parameters

Downlink Configuration
FDD FR1

Details

Total number
of aggregated
carriers
J

16

Maximum
allowed value

( j)
 DL

1

Note 1

Max. number
of layers
j)
v (Layers

8

Maximum
value allowed
for DL

8

256 QAM

1

No capability
mismatch
between
baseband and
RF.

Highest
modulation
order

(𝑗)
𝑄𝑚

Scaling factor of
modulation

f ( j)
Max. coding
rate
Rmax

984/1024 = 0.9258

SCS, CP length

2.5 kHz (CP: 100 µs), 1.25 kHz (CP: 200 µs), 0.625 kHz (CP: 400 µs)

Ts

1 ms (SCS 1.25 kHz or SCS 0.625 kHz), 0.5 ms (SCS 2.5 kHz)
- 1666 for BW 50 MHz, SCS 2.5 kHz

𝐵𝑊(𝑗),µ

𝑁𝑃𝑅𝐵

- 3333 for BW 50 MHz, SCS 1.25 kHz
- 6666 for BW 50 MHz, SCS 0.625 kHz

OH ( j )

- 0.1875 for BW 50 MHz and all SCS configurations

Maximum CR
According to
TB design
Depending on
the SCS.
Depending on
the available
bandwidth [10]
and the SCS.
Note 2

Note 1: FDD/TDD Frame Structure
- For Terrestrial Broadcast, all resources are considered as DL (FDD).
Note 2: Overhead Assumptions
- For FDD FR1:
· Total REs: 10 subframes with 1 OFDM symbol (SCS 1.25 kHz or SCS 0.625 kHz) or 2
aaaaaOFDM symbols (SCS 2.5 kHz) per slot assigned to TB transmissions.
· CAS: 1 out of 40 subframes assigned to convey PSS, SSS, PDCCH, PDSCH.
· PTBCH:
- DMRS (SCS 2.5 kHz): 2 RE/RB/slot in all RBs in all slots in all subframes except
CAS.
- DMRS (SCS 1.25 kHz or 0.625 kHz): 4 RE/RB/slot in all RBs in all slots in all
subframes except CAS.
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C Link-Level Simulator Calibration Results
This annex describes the calibration procedure performed to demonstrate the correct
operation of the link-level simulator used in this deliverable. In particular, calibration
results have been obtained to evaluate the NR PDSCH performance.

C.1 Methodology and Parameter Configuration
Calibration procedure is fully aligned with the evaluation process followed in 3GPP RAN
WG4. As described in [58], 3GPP calibrates the PDSCH performance by evaluating the
maximum throughput provided for FR1 and FR2 scenarios and FDD and TDD
techniques. For each scenario and duplexing technique, different specific cases are
enumerated. According to the simulations performed in this deliverable, calibration is
only performed for the FR1 FDD combination.
As shown in Table 32, 3GPP defines up to 14 different FDD FR1 evaluation cases where
different channel model, MCS indexes and MIMO configurations are considered. For
simplicity, 5G-Xcast calibration has only been performed for cases 4 and 5.
Table 32. FDD FR1 cases.
Case
Number
1
2
3
4
5
6
7
8
9
10
11
11
12
(LTENR #1)
13
(LTENR #2)
14
(LTENR #3)

BW/ SCS
10MHz/15
kHz
10MHz/15
kHz
10MHz/15
kHz
10MHz/15
kHz
10MHz/15
kHz
10MHz/15
kHz
10MHz/15
kHz
10MHz/15
kHz
10MHz/15
kHz
10MHz/15
kHz
10MHz/15
kHz
10MHz/15
kHz

MIMO
2Tx 2Rx ULA Low
2Tx 4Rx ULA Low
2Tx 2Rx ULA Low
2Tx 4Rx ULA Low
2Tx 2Rx ULA Low
2Tx 4Rx ULA Low
2Tx 2Rx ULA Low
2Tx 4Rx ULA Low
2Tx 2Rx ULA Low
2Tx 4Rx ULA Low
4Tx 4Rx ULA Low
4Tx 4Rx ULA Low
2Tx 2Rx ULA
Med
4Tx 4RX ULA
Med A
2Tx 2Rx ULA Low
2Tx 4Rx ULA Low
2Tx 2Rx ULA Low
2Tx 2Rx ULA Low

PDSCH mapping
and MCS
Type A
QPSK MCS 4
Type A
QPSK MCS 4
Type A
256QAM MCS 24
Type A
16QAM MCS 13
Type A
64QAM MCS 19
Type A
16QAM MCS 13
Type A
16QAM MCS 13
Type A
16QAM MCS 13
Type A
16QAM MCS 13
Type A
16QAM MCS 13
Type B
QPSK MCS 2
Type B
QPSK, MCS 2

Number
of layer
1 layer
1 layer
1 layer
2 layers
2 layers
3 layers
4 layers
2 layers
3 layers
1 layers
1 layers
1 Layer

Channel
Model
TDL-B 100ns,
400Hz
TDL-C 300ns,
100Hz
TDL-A 30ns,
10Hz
TDL-C 300ns,
100Hz
TDL-A 30ns,
10Hz
TDL-A 30ns,
10Hz
TDL-A 30ns,
10Hz
TDL-A 30ns,
10Hz
TDL-A 30ns,
10Hz
TDL-C 300ns,
100Hz
TDL-A 30ns,
10Hz
TDL-A 30ns,
10Hz

10MHz/15
kHz

4Tx 2Rx ULA Low

Type A
QPSK, MCS 4

1 Layer

TDL-A 30ns,
10Hz

10MHz/15
kHz

4Tx 2Rx ULA Low

Type A
QPSK, MCS 4

1 Layer

TDL-A 30ns,
10Hz

10MHz/15
kHz

4Tx 2Rx ULA Low

Type B
QPSK, MCS 4

1 Layer

TDL-A 30ns,
10Hz
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To evaluate the selected cases, 5G-Xcast adopts the following 3GPP parameter
configuration:






SSB/PBCH: Allocation in slot 0 in each second frame. 1 slot per 20 ms.
CORESET configuration: Full BW allocation, 2 control symbols.
PDSCH configuration:
o Time domain: Mapping type A: Start symbol 2, duration 12 symbols.
o Frequency domain: Full BW allocation.
o Scheduling in all slots except SSB/PBCH slot. 19 out of every 20
subframes contain data.
o HARQ assumptions: RV sequence {0, 2, 3,1}. 4 HARQ processes.
DMRS configuration: 2 DMRS symbols.

C.2 Calibration Results
PDSCH throughput results have been obtained and compared with the calibration results
provided by 3GPP companies in different contributions [58-61].

Figure 41. PDSCH Throughput: Case 4.

Figure 42. PDSCH Throughput: Case 5.
As shown in Figure 41 and Figure 42, the 5G-Xcast calibration results are fully aligned
with those obtained by different companies in 3GPP RAN WG4. As a result of this
calibration, the reliability of the simulation results provided in this deliverable is ensured.
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