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3.1
Abbreviations

For the purposes of the present document, the abbreviations given in 3GPP TR 21.905 [1], in 3GPP TS 36.300 [2] and the following apply. An abbreviation defined in the present document takes precedence over the definition of the same abbreviation, if any, in 3GPP TR 21.905 [1] and 3GPP TS 36.300 [2].

5GC
5G Core Network

5QI
5G QoS Identifier
A-CSI
Aperiodic CSI
AMBR
Aggregate Maximum Bit Rate 

AMC
Adaptive Modulation and Coding

AMF
Access and Mobility Management Function

ARP
Allocation and Retention Priority
BA
Bandwidth Adaptation

BCH
Broadcast Channel
BPSK
Binary Phase Shift Keying
CCE
Control Channel Element
CMAS
Commercial Mobile Alert Service
CORESET
Control Resource Set
DCI
Downlink Control Information
DFT
Discrete Fourier Transform
DL-SCH
Downlink Shared Channel
DMRS
Demodulation Reference Signal
ETWS
Earthquake and Tsunami Warning System

GFBR
Guaranteed Flow Bit Rate
LDPC
Low Density Parity Check
MICO
Mobile Initiated Connection Only
MU-MIMO
Multi User MIMO
MFBR
Maximum Flow Bit Rate
NCGI
NR Cell Global Identifier

NCR
Neighbour Cell Relation

NG-RAN
NG Radio Access Network

NGAP
NG Application Protocol

NR
NR Radio Access
PCH
Paging Channel

PDCCH
Physical Downlink Control Channel
PDSCH
Physical Downlink Shared Channel
PRACH
Physical Random Access Channel
PRB
Physical Resource Block
PRG
Precoding Resource block Group
PSS
Primary Synchronisation Signal

PUCCH
Physical Uplink Control Channel
PUSCH
Physical Uplink Shared Channel
PWS
Public Warning System
QAM
Quadrature Amplitude Modulation
QFI
QoS Flow ID
QPSK
Quadrature Phase Shift Keying
RACH
Random Access Channel
REG
Resource Element Group
RMSI
Remaining Minimum SI

RNA
RAN-based Notification Area

RNAU
RAN-based Notification Area Update
RNTI
Radio Network Temporary Identifier
RQA
Reflective QoS Attribute

RQoS
Reflective Quality of Service
RS
Reference Signal
RSRP
Reference Signal Received Power

RSRQ
Reference Signal Received Quality
SDAP
Service Data Adaptation Protocol
SMF
Session Management Function

SPS
Semi-Persistent Scheduling
SRS
Sounding Reference Signal
SS
Synchronization Signal
SSS
Secondary Synchronisation Signal
SU-MIMO
Single User MIMO
SUL
Supplementary Uplink

TA
Timing Advance
UCI
Uplink Control Information
UL-SCH
Uplink Shared Channel

UPF
User Plane Function

URLLC
Ultra-Reliable and Low Latency Communications

XnAP
Xn Application Protocol

Xn-C
Xn-Control plane

Xn-U
Xn-User plane

Next Modified Subclause

5
Physical Layer

5.1
Waveform, numerology and frame structure

The downlink transmission waveform is conventional OFDM using a cyclic prefix. The uplink transmission waveform is conventional OFDM using a cyclic prefix with a transform precoding function performing DFT spreading that can be disabled or enabled.
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Figure 5.1-1: Transmitter block diagram for CP-OFDM with optional DFT-spreading

The numerology is based on exponentially scalable sub-carrier spacing (f = 2µ × 15 kHz with µ={0,1,3,4} for PSS, SSS and PBCH and µ={0,1,2,3} for other channels. Normal CP is supported for all sub-carrier spacings, Extended CP is supported for µ=2. 12 consecutive sub-carriers form a physical resource block (PRB). Up to 275 PRBs are supported on a carrier.

Table 5.1-1: Supported transmission numerologies.
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	Cyclic prefix
	Supported for data
	Supported for synch

	0
	15
	Normal
	Yes
	Yes

	1
	30
	Normal
	Yes
	Yes

	2
	60
	Normal, Extended
	Yes
	No

	3
	120
	Normal
	Yes
	Yes

	4
	240
	Normal
	No
	Yes


The UE may be configured with one or more bandwidth parts on a given component carrier, of which only one can be active at a time, as described in subclauses 7.8 and 6.10 respectively. The active bandwidth part defines the UE’s operating bandwidth within the cell’s operating bandwidth. For initial access, and until the UE’s configuration in a cell is received, initial bandwidth part detected from system information is used. 
Downlink and uplink transmissions are organized into frames with 10 ms duration, consisting of ten 1 ms subframes. Each frame is divided into two equally-sized half-frames of five subframes each. The slot duration is 14 symbols with Normal CP and 12 symbols with Extended CP, and scales in time as a function of the used sub-carrier spacing so that there is always an integer number of slots in a subframe.
Timing Advance TA is used to adjust the uplink frame timing relative to the downlink frame timing. 
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Figure 5.1-2: Uplink-downlink timing relation

Operation on both paired and unpaired spectrum is supported.

5.2
Downlink

5.2.1
Downlink transmission scheme

A closed loop Demodulation Reference Signal (DMRS) based spatial multiplexing is supported for Physical Downlink Shared Channel (PDSCH). Up to 8 and 12 orthogonal DL DMRS ports are supported for type 1 and type 2 DMRS respectively. Up to 8 orthogonal DL DMRS ports per UE are supported for SU-MIMO and up to 4 orthogonal DL DMRS ports per UE are supported for MU-MIMO. The number of SU-MIMO code words is one for 1-4 layer transmissions and two for 5-8 layer transmissions.

The DMRS and corresponding PDSCH are transmitted using the same precoding matrix and the UE does not need to know the precoding matrix to demodulate the transmission. The transmitter may use different precoder matrix for different parts of the transmission bandwidth, resulting in frequency selective precoding. The UE may also assume that the same precoding matrix is used across a set of Physical Resource Blocks (PRBs) denoted Precoding Resource Block Group (PRG).
Transmission durations from 2 to 14 symbols in a slot is supported. 

Aggregation of multiple slots with transport block (TB) repetition is supported.
5.2.2
Physical-layer processing for physical downlink shared channel

The downlink physical-layer processing of transport channels consists of the following steps:

-
Transport block CRC attachment;

-
Code block segmentation and code block CRC attachment;

-
Channel coding: LDPC coding;

-
Physical-layer hybrid-ARQ processing;

-
Rate matching;
-
Scrambling;
-
Modulation: QPSK, 16QAM, 64QAM and 256QAM;

-
Layer mapping;

-
Mapping to assigned resources and antenna ports.

The UE may assume that at least one symbol with demodulation reference signal is present on each layer in which PDSCH is transmitted to a UE, and up to 3 additional DMRS can be configured by higher layers.
Phase Tracking RS may be transmitted on additional symbols to aid receiver phase tracking.

The DL-SCH physical layer model is described in 3GPP TS 38.202 [20].
5.2.3
Physical downlink control channels

The Physical Downlink Control Channel (PDCCH) can be used to schedule DL transmissions on PDSCH and UL transmissions on PUSCH, where the Downlink Control Information (DCI) on PDCCH includes:

-
Downlink assignments containing at least modulation and coding format, resource allocation, and hybrid-ARQ information related to DL-SCH;

-
Uplink scheduling grants containing at least modulation and coding format, resource allocation, and hybrid-ARQ information related to UL-SCH.

In addition to scheduling, PDCCH can be used to for

-
Activation and deactivation of configured PUSCH transmission with configured grant;

-
Activation and deactivation of PDSCH semi-persistent transmission;
-
Notifying one or more UEs of the slot format;
-
Notifying one or more UEs of the PRB(s) and OFDM symbol(s) where the UE may assume no transmission is intended for the UE;
-
Transmission of TPC commands for PUCCH and PUSCH;
-
Transmission of one or more TPC commands for SRS transmissions by one or more UEs;
-
Switching a UE’s active bandwidth part;
-
Initiating a random access procedure.
A UE monitors a set of PDCCH candidates in the configured monitoring occasions in one or more configured COntrol REsource SETs (CORESETs) according to the corresponding search space configurations.
A CORESET consists of a set of PRBs with a time duration of 1 to 3 OFDM symbols. The resource units Resource Element Groups (REGs) and Control Channel Elements (CCEs) are defined within a CORESET with each CCE consisting a set of REGs. Control channels are formed by aggregation of CCEs. Different code rates for the control channels are realized by aggregating different number of CCEs. Interleaved and non-interleaved CCE-to-REG mapping are supported in a CORESET.
Polar coding is used for PDCCH.

Each resource element group carrying PDCCH carries its own DMRS.

QPSK modulation is used for PDCCH.

5.2.4
Synchronization signal and PBCH

The synchronization signal and PBCH block consists of primary and secondary synchronization signals (PSS, SSS), each occupying 1 symbol and 127 subcarriers, and PBCH spanning across 3 OFDM symbols and 240 subcarriers, but on one symbol leaving an unused part in the middle for SSS as show in figure 5.2.4-1. The periodicity of the SS/PBCH block can be configured by the network and the time locations where SS/PBCH block can be sent are determined by sub-carrier spacing.
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Figure 5.2.4-1: Time-frequency structure of 
the synchronization signal and PBCH block

Polar coding is used for PBCH.

The UE may assume a band-specific sub-carrier spacing for the SS/PBCH block unless a network has configured the UE to assume a different sub-carrier spacing.

PBCH symbols carry its own frequency-multiplexed DMRS.

QPSK modulation is used for PBCH.

The PBCH physical layer model is described in 3GPP TS 38.202 [20].

5.2.5
Physical layer procedures

5.2.5.1
Link adaptation

Link adaptation (AMC: adaptive modulation and coding) with various modulation schemes and channel coding rates is applied to the PDSCH. The same coding and modulation is applied to all groups of resource blocks belonging to the same L2 PDU scheduled to one user within one TTI and within a MIMO codeword.

For channel state estimation purposes, the UE may be configured to measure CSI-RS and estimate the downlink channel state based on the CSI-RS measurements. The UE feeds the estimated channel state back to the gNB to be used in link adaptation.

5.2.5.2
Power Control
Downlink power control can be used.

5.2.5.3
Cell search

Cell search is the procedure by which a UE acquires time and frequency synchronization with a cell and detects the Cell ID of that cell. NR cell search is based on the primary and secondary synchronization signals, and PBCH DMRS.

5.2.5.4
HARQ

Asynchronous Incremental Redundancy Hybrid ARQ is supported. The gNB provides the UE with the HARQ-ACK feedback timing either dynamically in the DCI or semi-statically in an RRC configuration.
The UE may be configured to receive code block group based transmissions where retransmissions may be scheduled to carry a sub-set of all the code blocks of a TB.

5.2.5.5
Reception of SIB1

MIB on PBCH provides the UE with parameters for monitoring of PDCCH for scheduling PDSCH that carries the SIB1. PBCH may also indicate that there is no associated SIB1, in which case the UE may be pointed to another frequency from where to search for a synchronization signal and PBCH block that is associated with a SIB1 as well as a frequency range where the UE may assume no synchronization signal and PBCH block associated with SIB1 is present. The indicated frequency range is confined within a contiguous spectrum allocation of the same operator in which the synchronization signal and PBCH block is detected.
5.3
Uplink
5.3.1
Uplink transmission scheme

Two transmission schemes are supported for PUSCH: codebook based transmission and non-codebook based transmission.
For codebook based transmission, the gNB provides the UE with a transmit precoding matrix indication in the DCI. The UE uses the indication to select the PUSCH transmit precoder from the codebook. For non-codebook based transmission, the UE determines its PUSCH precoder based on wideband SRI field from the DCI.

A closed loop DMRS based spatial multiplexing is supported for PUSCH. For a given UE, up to 4 layer transmissions are supported. The number of code words is one. When transform precoding is used, only a single MIMO layer transmission is supported.
Transmission durations from 1 to 14 symbols in a slot is supported. 

Aggregation of multiple slots with TB repetition is supported.
Two types of frequency hopping are supported, intra-slot frequency hopping, and in case of slot aggregation, inter-slot frequency hopping. 
PUSCH may be scheduled with DCI on PDCCH, or a semi-static configured grant may be provided over RRC, where two types of operation are supported: 
-
The first PUSCH is triggered with a DCI, with subsequent PUSCH transmissions following the RRC configuration and scheduling received on the DCI, or
-
The PUSCH is triggered by data arrival to the UE’s transmit buffer and the PUSCH transmissions follow the RRC configuration.
5.3.2
Physical-layer processing for physical uplink shared channel

The uplink physical-layer processing of transport channels consists of the following steps:

-
Transport Block CRC attachment;

-
Code block segmentation and Code Block CRC attachment;

-
Channel coding: LDPC coding;
-
Physical-layer hybrid-ARQ processing;
-
Rate matching;
-
Scrambling;
-
Modulation: π/2 BPSK (with transform precoding only), QPSK, 16QAM, 64QAM and 256QAM;

-
Layer mapping, transform precoding (enabled/disabled by configuration), and pre-coding;

-
Mapping to assigned resources and antenna ports.

The UE transmits at least one symbol with demodulation reference signal on each layer on each frequency hop in which the PUSCH is transmitted, and up to 3 additional DMRS can be configured by higher layers.
Phase Tracking RS may be transmitted on additional symbols to aid receiver phase tracking.

The UL-SCH physical layer model is described in 3GPP TS 38.202 [20].
5.3.3
Physical uplink control channel

Physical uplink control channel (PUCCH) carries the Uplink Control Information (UCI) from the UE to the gNB. Five formats of PUCCH exist, depending on the duration of PUCCH and the UCI payload size. 

-
Format #0: Short PUCCH of 1 or 2 symbols with small UCI payloads of up to two bits with UE multiplexing capacity of up to 6 UEs with 1-bit payload in the same PRB;


-
Format #1: Long PUCCH of 4-14 symbols with small UCI payloads of up to two bits with UE multiplexing capacity of up to 84 UEs without frequency hopping and 36 UEs with frequency hopping in the same PRB;
-
Format #2: Short PUCCH of 1 or 2 symbols with large UCI payloads of more than two bits with no UE multiplexing capability in the same PRBs;

-
Format #3: Long PUCCH of 4-14 symbols with large UCI payloads with no UE multiplexing capability in the same PRBs;
- 
Format #4: Long PUCCH of 4-14 symbols with moderate UCI payloads with multiplexing capacity of up to 4 UEs in the same PRBs.
The short PUCCH format of up to two UCI bits is based on sequence selection, while the short PUCCH format of more than two UCI bits frequency multiplexes UCI and DMRS. The long PUCCH formats time-multiplex the UCI and DMRS. Frequency hopping is supported for long PUCCH formats and for short PUCCH formats of duration of 2 symbols. Long PUCCH formats can be repeated over multiple slots.

UCI multiplexing in PUSCH is supported when UCI and PUSCH transmissions coincide in time, either due to transmission of a UL-SCH transport block or due to triggering of A-CSI transmission without UL-SCH transport block:

-
UCI carrying HARQ-ACK feedback with 1 or 2 bits is multiplexed by puncturing PUSCH;

-
In all other cases UCI is multiplexed by rate matching PUSCH.

UCI consists of the following information:

-
CSI;

-
ACK/NAK;

-
Scheduling request.

QPSK and π/2 BPSK modulation can be used for long PUCCH with more than 2 bits of information, QPSK is used for short PUCCH with more than 2 bits of information and BPSK and QPSK modulation can be used for long PUCCH with up to 2 information bit.

Transform precoding is applied to long PUCCH.

Channel coding used for uplink control information is described in table 5.3.3-1.

Table 5.3.3-1: Channel coding for uplink control information

	Uplink Control Information size including CRC, if present
	Channel code

	1
	Repetition code

	2
	Simplex code

	3-11
	Reed Muller code

	>11
	Polar code


5.3.4
Random access

Random access preamble sequences, of two different lengths are supported. Long sequence length 839 is applied with subcarrier spacings of 1.25 and 5 kHz and short sequence length 139 is applied with sub-carrier spacings 15, 30, 60 and 120 kHz. Long sequences support unrestricted sets and restricted sets of Type A and Type B, while short sequences support unrestricted sets only.

Multiple PRACH preamble formats are defined with one or more PRACH OFDM symbols, and different cyclic prefix and guard time. The PRACH preamble configuration to use is provided to the UE in the system information.

The UE calculates the PRACH transmit power for the retransmission of the preamble based on the most recent estimate pathloss and power ramping counter. If the UE conducts beam switching, the counter of power ramping remains unchanged.

The system information provides information for the UE to determine the association between the SS blocks and the RACH resources. The RSRP threshold for SS block selection for RACH resource association is configurable by network.
5.3.5
Physical layer procedures

5.3.5.1
Link adaptation

Four types of link adaptation are supported as follows:

-
Adaptive transmission bandwidth;

-
Adaptive transmission duration;

-
Transmission power control;

-
Adaptive modulation and channel coding rate.

For channel state estimation purposes, the UE may be configured to transmit SRS that the gNB may use to estimate the uplink channel state and use the estimate in link adaptation.

5.3.5.2
Uplink Power control

The gNB determines the desired uplink transmit power and provides uplink transmit power control commands to the UE. The UE uses the provided uplink transmit power control commands to adjust its transmit power.
5.3.5.3
Uplink timing control
The gNB determines the desired Timing Advance setting and provides that to the UE. The UE uses the provided TA to determine its uplink transmit timing relative to the UE’s observed downlink receive timing.

5.3.5.4
HARQ

Asynchronous Incremental Redundancy Hybrid ARQ is supported. The gNB schedules each uplink transmission and retransmission using the uplink grant on DCI.
The UE may be configured to transmit code block group based transmissions where retransmissions may be scheduled to carry a sub-set of all the code blocks of a transport block.
5.4
Carrier aggregation

5.4.1
Carrier aggregation

In Carrier Aggregation (CA), two or more Component Carriers (CCs) are aggregated. A UE may simultaneously receive or transmit on one or multiple CCs depending on its capabilities. CA is supported for both contiguous and non-contiguous CCs.

5.4.2
Supplemental Uplink

In conjunction with a UL/DL carrier pair (FDD band) or a bidirectional carrier (TDD band), a UE may be configured with additional, supplemental uplink. Supplemental uplink differs from the aggregated uplink in that the UE may be scheduled to transmit either on the supplemental uplink or on the uplink of the carrier being supplemented, but not on both at the same time.

5.5
Transport Channels

The physical layer offers information transfer services to MAC and higher layers. The physical layer transport services are described by how and with what characteristics data are transferred over the radio interface. An adequate term for this is "Transport Channel". This should be clearly separated from the classification of what is transported, which relates to the concept of logical channels at MAC sublayer.

Downlink transport channel types are:

1.
Broadcast Channel (BCH) characterised by:

-
fixed, pre-defined transport format;

-
requirement to be broadcast in the entire coverage area of the cell, either as a single message or by beamforming different BCH instances.

2.
Downlink Shared Channel (DL-SCH) characterised by:

-
support for HARQ;

-
support for dynamic link adaptation by varying the modulation, coding and transmit power;

-
possibility to be broadcast in the entire cell;

-
possibility to use beamforming;

-
support for both dynamic and semi-static resource allocation;

-
support for UE discontinuous reception (DRX) to enable UE power saving;

3.
Paging Channel (PCH) characterised by:

-
support for UE discontinuous reception (DRX) to enable UE power saving (DRX cycle is indicated by the network to the UE);

-
requirement to be broadcast in the entire coverage area of the cell, either as a single message or by beamforming different BCH instances;

-
mapped to physical resources which can be used dynamically also for traffic/other control channels.

Uplink transport channel types are:

1.
Uplink Shared Channel (UL-SCH) characterised by:

-
possibility to use beamforming;
-
support for dynamic link adaptation by varying the transmit power and potentially modulation and coding;

-
support for HARQ;

-
support for both dynamic and semi-static resource allocation.

2.
Random Access Channel(s) (RACH) characterised by:

-
limited control information;

-
collision risk.

Association of transport channels to physical channels is described in 3GPP TS 38.202 [20].
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10.2
Downlink Scheduling

In the downlink, the gNB can dynamically allocate resources to UEs via the C-RNTI on PDCCH(s). A UE always monitors the PDCCH(s) in order to find possible assignments when its downlink reception is enabled (activity governed by DRX when configured). When CA is configured, the same C-RNTI applies to all serving cells.
The gNB may pre-empt an ongoing PDSCH transmission to one UE with a latency-critical transmission to another UE. The gNB can configure UEs to monitor interrupted transmission indications using INT-RNTI on a PDCCH. If a UE receives the interrupted transmission indication, the UE may assume that no useful information to that UE was carried by the resource elements included in the indication, even if some of those resource elements were already scheduled to this UE.
In addition, with Semi-Persistent Scheduling (SPS), the gNB can allocate downlink resources for the initial HARQ transmissions to UEs: RRC defines the periodicity of the configured downlink assignments while PDCCH addressed to CS-RNTI can either signal and activate the configured downlink assignment, or deactivate it; i.e. a PDCCH addressed to CS-RNTI indicates that the downlink assignment can be implicitly reused according to the periodicity defined by RRC, until deactivated.

NOTE:
when required, retransmissions are explicitly scheduled on PDCCH(s).

When a configured downlink assignment is active, if the UE cannot find its C-RNTI on the PDCCH(s), a downlink transmission according to the configured downlink assignment is assumed. Otherwise, if the UE finds its C-RNTI on the PDCCH(s), the PDCCH allocation overrides the configured downlink assignment.

When CA is configured, at most one configured downlink assignment can be signalled per serving cell. When BA is configured, at most one configured downlink assignment can be signalled per BWP. On each serving cell, there can be only one configured downlink assignment active at a time, and multiple configured downlink assignment can be simultaneously active on different serving cells only. Activation and deactivation of configured downlink assignments are independent among the serving cells.
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