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1
Introduction
According to the requirements and scenarios for new radio (NR) described in [TS38.913], the objectives of the Work Item are to specify the NR functionalities for enhanced mobile broadband (eMBB) and ultra-reliable low-latency-communication (URLLC) considering frequency ranges up to 52.6 GHz. While the NR is not required to be backward compatible with LTE, the NR functionalities are forward compatible and allow for smooth introduction of additional technology components and support for new use cases.
2
Description
2.1
Architecture and functionality split

2.1.1
NSA overall architecture and functionality split

NSA architecture

NSA architecture is illustrated in following figure. 
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Figure 1  NSA Architecture (in section 4.1.2 of 3GPP TS 37.340[X])

In NSA architecture, the NR base station denoted as en-gNB connects to the LTE base station denoted as eNB via an X2 interface. Although the X2 interface has been used up to now to connect eNBs, Release 15 extends the interface for use in connecting an eNB and en-gNB in E-UTRAN for NSA architecture. In addition, E-UTRAN for NSA architecture connects to the EPC network using an S1 interface. 

2.1.2
NSA radio protocol architecture
2.1.2.1
Control Plane
In MR-DC, the UE has a single RRC state, based on the MN RRC and a single C-plane connection towards the Core Network. Figure 2 illustrates the Control plane architecture for MR-DC. Each radio node has its own RRC entity (E-UTRA version if the node is an eNB or NR version if the node is a gNB) which can generate RRC PDUs to be sent to the UE. RRC PDUs generated by the SN can be transported via the MN to the UE. The MN always sends the initial SN RRC configuration via MCG SRB (SRB1), but subsequent reconfigurations may be transported via MN or SN. When transporting RRC PDU from the SN, the MN does not modify the UE configuration provided by the SN.
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Figure 2:
Control plane architecture for EN-DC.

2.1.2.2
User Plane
In MR-DC, from a UE perspective, three bearer types exist: MCG bearer, SCG bearer and split bearer. These three bearer types are depicted in Figure 3for MR-DC with EPC (EN-DC). For EN-DC, the network can configure either E-UTRA PDCP or NR PDCP for MCG bearers while NR PDCP is always used for SCG and split bearers.
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Figure 3: Radio Protocol Architecture for MCG, SCG and split bearers from a UE perspective in MR-DC with EPC (EN-DC)

2.2
Physical layer aspects
Numerologies, waveform and frame structure

In order to support various deployment scenarios and wide range of carrier frequencies, NR supports multiple subcarrier spacings of 15kHz, 30kHz, 60kHz, 120kHz, and 240kHz. More specifically, the network operation can choose 15kHz, 30kHz, and 60kHz for data on carrier frequencies below 6GHz, and 60kHz and 120kHz for data for carrier frequencies above 6GHz for normal cyclic prefix (CP). Also, the extended CP can be used for the 60kH-subcarrier spacing. One physical resource block (PRB) is defined as consecutive 12 subcarriers as in LTE.

Regarding the waveform, as is the case with LTE, OFDM using CP is used as a DL waveform. An UL waveform is also OFDM using CP, but with a transform precoding function performing DFT spreading that can be disabled or enabled, which is known as DFT-s-OFDM. 

For the frame structure, a subframe of 1ms is composed of one or multiple slots depending on subcarrier spacings, where one slot further consists of 2-14 OFDM symbols. A slot with smaller number of OFDM symbols, e.g., 2 OFDM symbols mainly targets usage case requiring low latency services such as URLLC. In a slot, direction of each OFDM symbol can be downlink and uplink for flexible traffic adaptation. 

Channel coding and modulation

In NR, low density parity check (LDPC) coding and polar code are specified as channel coding. LDPC is used for data, i.e., PDSCH and PUSCH while polar code is used for control channel, i.e.., PDCCH and PUCCH. For modulation, QPSK, 16QAM, 64QAM and 256QAM are supported for both DL and UL. In addition, when DFT-s-OFDM is selected as a UL waveform, pi/2-BPSK modulation can be used to further suppress peak-to-average power ratio (PAPR) of the UL transmission.

Initial access and mobility 

NR synchronization signals i.e., PSS and SSS are designed to carry one selected physical cell ID (PCID) from 1008 candidates by using 127 subcarriers within 12 PRBs. PSS and SSS are transmitted together with PBCH and DMRS for PBCH as an SS/PBCH block for a carrier within four OFDM symbols in time domain and 20 PRBs in frequency domain as shown in Figure 4. PBCH carries only minimum system information required to receive remaining minimum system information (RMSI) for initial access, such as system frame number (SFN), PDCCH configuration, DMRS configuration, cell barred information and so on. DMRS for PBCH is generated based on gold sequence and the sequence initialization is based on PCID and SS/PBCH block index. For SS/PBCH block transmission, same or different subcarrier spacing from that for other DL transmissions can be utilized according to default subcarrier spacing for the frequency band or higher layer indication.
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Figure 4: SS/PBCH block design in NR

RMSI and other system information (OSI) are carried by PDSCH which is scheduled by PDCCH. RMSI contains necessary information to perform random access procedure for initial access. Paging message is carried by PDSCH which is scheduled by PDCCH. Numerology used for RMSI on a NR cell is indicated in MIB carried by PBCH and is commonly applied to OSI, Paging, Msg.2 and Msg.4 transmissions on the same cell.
For random access in NR, 4-step procedure using Msg.1, Msg.2, Msg.3 and Msg.4 is defined. For Msg.1 transmission in random access, NR supports two types of PRACH sequences, one is based on long Zadoff-Chu (ZC) sequence of length 839 and another is based on short ZC sequence of length 139. Four different PRACH formats based on long ZC sequence are defined and corresponding numerology is defined for each format. On the other hand, nine different PRACH formats based on short ZC sequence are defined and numerology used for the PRACH format based on short ZC sequence is indicated in RMSI. Msg.2 and Msg.4 for random access are carried by PDSCH that are scheduled by PDCCH. Msg.3 for random access is carried by PUSCH which is scheduled by random access response (RAR) in Msg.2 or PDCCH in case of retransmission.
For mobility measurement and radio link monitoring, SS/PBCH block and/or CSI-RS can be utilized in NR. Configurations of SS/PBCH block and/or CSI-RS including numerology are provided by higher layer signalling. 

MIMO aspects

NR supports multi-antenna technology with maximum transmission layers of 12 and 4 for the DL and UL, respectively. RSs are specified assuming multi-antenna transmission, where some RS designs follow that for LTE-A. Demodulation RS (DM-RS), channel state information RS (CSI-RS) and sounding RS (SRS) are supported for PDSCH/PUSCH demodulation, DL CSI acquisition and UL CSI acquisition, respectively. CSI-RS can be also used for fine frequency/time tracking, a.k.a. TRS. In addition, phase tracking RS (PT-RS) is newly introduced in the DL and UL to compensate increased impact of phase noise for the higher frequency.

Beamforming/precoding is crucial technology for achieving higher throughput and sufficient coverage. A weight is controlled through beam management, beam failure recovery and CSI acquisition. In the DL, beam management is preformed based on SSB and CSI-RS, while SRS can be used for the UL beam management. Tx and Rx beams are selected based on L1-RSRP measurement while sweeping spatial filters at transmitter and receiver. Information on Tx beams for PDCCH, PDSCH and PUCCH are indicated to a UE and it enables to apply appropriate Rx beam at a receiver side. In addition, beam failure recovery is supported to achieve quick recovery from misalignment of Tx/Rx beams. UE can identify the misalignment and informs gNB of index of new candidate beam. For DL precoding transmission, NR supports two high-level PMI definitions, i.e., type I and II codebooks, with different levels of CSI granularity.  On the other hand, for the UL, NR supports a codebook that can be applied for different antenna configurations in terms of codebook coherency subset. Non-codebook based UL transmission is also supported, where precoder can be determined based on selected SRS resource. In addition, details of codeword mapping, PRB bundling, CQI/MCS tables, etc. are also designed through the discussion. 
DL channels

For NR, PDCCH  delivers DCI (Downlink Control Information). Various DCI formats are specified as in Table 1. A UE monitors one or more PDCCH candidates for DCI with CRC scrambled by a certain RNTI in PDCCH common search space (CSS) set and/or UE-specific search space (USS) set. For a given search space set, PDCCH monitoring periodicity can be one or more slots, and PDCCH monitoring occasion within a slot can be one or multiple in the slot. 

Table1
NR DCI formats.

	DCI format
	RNTI
	Notes

	DCI format 0_0
	RA-RNTI, TC-RNTI, C-RNTI, CS-RNTI
	Monitored on CSS or USS

Scheduling PUSCH

	DCI format 0_1
	C-RNTI, CS-RNTI
	Monitored in USS

Scheduling PUSCH

	DCI format 1_0
	SI-RNTI, RA-RNTI, P-RNTI, C-RNTI, CS-RNTI
	Monitored in CSS or USS

Scheduling PDSCH

	DCI format 1_1
	C-RNTI, CS-RNTI
	Monitored in USS

Scheduling PDSCH

	DCI format 2_0
	SFI-RNTI
	Monitored in CSS

Indicating slot format for slot(s)

	DCI format 2_1
	INT-RNTI
	Monitored in CSS

Indicating pre-emption of DL resource

	DCI format 2_2
	TPC-PUSCH-RNTI, TPC-PUCCH-RNTI
	Monitored in CSS

Group-TPC command for PUSCH/PUCCH

	DCI format 2_3
	TPC-SRS-RNTI
	Monitored in CSS

Group-command for SRS


Each PDCCH consists of one or more control channel element (CCE). Each CCE consists of 6 resource element groups (REGs), where each REG consists of 1 RB with 1 OFDM symbol. The configurations for physical resource mapping and DMRS configurations are given by a set of parameters, called control resource set (CORESET). Each CORESET is associated with one or multiple search space sets. A UE monitors PDCCH candidates in a search space set based on the configuration of the associated CORESET.
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Figure 5: General description of NR PDCCH.

UL channels

In NR, PUCCH  delivers UCI (Uplink Control Information) which consists of HARQ-ACK (Hybrid Automatic Repeat Request Acknowledgement), SR (Scheduling Request), or CSI (Channel State Information). Various PUCCH formats are specified as in figure 6. NR PUCCH supports 1-2 or 4-14 symbols. PUCCH formats 0/2 is called short-PUCCH, which can deliver UCI by 1-2 symbols; PUCCH formats 1/3/4 is called long-PUCCH, which can deliver UCI by 4-14 symbols. 
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Figure 6: NR PUCCH formats.

Figure 7 describes general use-cases for PUCCH in NR. Long-PUCCH is used to improve coverage; on the other hand, short-PUCCH is used to reduce latency. Frequency/time-domain resources for PUCCH transmission is flexibly configurable. For a UE (User Equipment), TDM (Time Division Multiplexing) between long-PUCCH and short-PUCCH is also supported; for example, UCI of large payload, e.g. CSI, is transmitted by long-PUCCH, and UCI of small payload, e.g. HARQ-ACK, is transmitted by short-PUCCH.
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Figure 7: General description of NR PUCCH.

Scheduling/HARQ

DCI formats 0_0/0_1 and 1_0/1_1 schedules PUSCH and PDSCH, respectively. For each DCI format, frequency-domain and time-domain resource allocation fields are included. For frequency-domain resource allocation, resource block group (RBG)-level bit-map resource allocation (resource allocation Type 0) and contiguous resource allocation (resource allocation Type1) are supported. A UE can be configured with either or both of them. For time-domain resource allocation, the time-domain resource allocation field in the DCI jointly indicates scheduled slot, starting symbol, and the duration (number of consecutive symbols to use for the channel). 

For PUSCH and PDSCH, other than DCI-based scheduling, configured grant for PUSCH and semi-persistent scheduling (SPS) for PDSCH are supported. For configured grant PUSCH, once PUSCH resource is configured and activated, the UE can transmit a PUSCH without DCI format 0_0/0_1. There are two types of configured grant PUSCH; with the configured grant Type1, UE can transmit PUSCH on the configured grant resource once RRC configuration is available, while with the configured grant Type2, UE can transmit PUSCH on the configured grant resource after a DCI with CRC scrambled by CS-RNTI activates the configured grant resource. SPS for PDSCH also requires activation DCI with CRC scrambled by CS-RNTI.

For NR, asynchronous and adaptive HARQ only is supported for both PDSCH and PUSCH. For re-transmission of a PDSCH or PUSCH, DCI formats 0_0/0_1 or 1_0/1_1 is used. HARQ process number and redundancy version are indicated in the DCI scheduling the re-transmission.

UE reports HARQ-ACK feedback for a decoded PDSCH. UE can be configured with reporting one HARQ-ACK bit for each transport block (TB), while if a UE is configured with CBG-based PDSCH transmission, the UE reports one HARQ-ACK bit for each code block group (CBG), where a CBG is a group of code-blocks consisting of a TB. If a UE is configured with CBG-based PDSCH transmission, the DCI scheduling PDSCH includes CBG transmission information (CBGTI) field which indicates which CBG(s) is/are re-transmitted, and the DCI can also include CBG flushing out information (CBGFI) field, which indicates the CBGs being retransmitted are combinable with the earlier received instances of the same CBGs. For PUSCH, CBG-based transmission using CBGTI is also supported.

For reporting multiple HARQ-ACK bits at one time, two types of HARQ-ACK codebook construction are supported; Type 1 HARQ-ACK codebook constructs the codebook based on semi-static configuration only, while Type 2 HARQ-ACK codebook constructs the codebook based on both semi-static configuration and DCI field named downlink assignment index (DAI). 

BWP, CA, EN-DC
In NR, the maximum bandwidth of a NR carrier is 100MHz for carrier frequencies below 6GHz and 400MHz for carrier frequencies above 6GHz, respectively. In order to achieve wider bandwidth, carrier aggregation (CA) of up to 16 NR carriers is further supported. Both intra-band CA and inter-band CA are supported. For the case of inter-band CA, CA with different numerologies, i.e., CA with NR carrier below 6GHz and NR carrier above 6GHz, is also enabled. 

NR newly defines the concept of bandwidth part (BWP). Up to four BWPs can be configured per NR carrier for the DL and UL respectively. The usage cases for BWP include 1) support of different UE BW capabilities in a wideband NR carrier and 2) UE power saving resulted from BW adaptation. In BWP adaptation, for example, a BWP with a smaller BW is used if there is no data and is dynamically switched to BWP with a wider BW when data occurs. Also, BWP switching between BWPs with different numerologies is specified. 

For EN-DC, a simultaneous UL transmissions across LTE and NR is supported; however, a single UL transmission is also enabled for problematic cases, e.g., band combinations where inter-modulation issue happens 

NR-LTE co-existence and SUL

NR is designed to allow co-existence with LTE. To achieve this, for instance, higher-layer signaling such as LTE CRS-related information to be rate-matched around and MBSFN subframe configurations is introduced. The corresponding backhaul signaling between eNodeB and gNodeB is also specified.

In conjunction with a UL/DL carrier pair or a bidirectional carrier (TDD band), additional, supplemental uplink SUL is specified. SUL 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.
UL TPC

NR UL power control is designed to allow dynamic power adjustment and multiple power control processes, e.g., for switching. gNB executes it by signalling an index, which has pre-configured linkage with a reference signal (RS) for pathloss calculation, a power control parameter set, and a closed-loop. In addition, for LTE-NR coexistence, power sharing mechanism between RATs was introduced. When UE supports dynamic power sharing, power allocation is dynamically adjusted on condition that the total transmission power never exceeds allowed value. Otherwise, the total power is semi-statically split for the two RATs by gNB configuration.

2.3
Higher layer aspects 

2.3.1
Layer 2 related aspects 

2.3.1.1
MAC sublayer

The main services and functions of the MAC sublayer include:

-
Mapping between logical channels and transport channels;

-
Multiplexing/demultiplexing of MAC SDUs belonging to one or different logical channels into/from transport blocks (TB) delivered to/from the physical layer on transport channels;

-
Scheduling information reporting;

-
Error correction through HARQ (one HARQ entity per cell in case of CA);

-
Priority handling between UEs by means of dynamic scheduling;

-
Priority handling between logical channels of one UE by means of logical channel prioritisation;

-
Padding.

2.3.1.2
RLC sublayer

The main services and functions of the RLC sublayer depend on the transmission mode and include:

-
Transfer of upper layer PDUs;

-
Sequence numbering independent of the one in PDCP (UM and AM);

-
Error Correction through ARQ (AM only);

-
Segmentation (AM and UM) and re-segmentation (AM only) of RLC SDUs;

-
Reassembly of SDU (AM and UM);

-
Duplicate Detection (AM only);

-
RLC SDU discard (AM and UM);

-
RLC re-establishment;

-
Protocol error detection (AM only).

2.3.1.3
PDCP sublayer

The main services and functions of the PDCP sublayer for the user plane include:

-
Sequence Numbering;

-
Header compression and decompression: ROHC only;

-
Transfer of user data;

-
Reordering and duplicate detection;

-
PDCP PDU routing (in case of split bearers);

-
Retransmission of PDCP SDUs;

-
Ciphering, deciphering;

-
PDCP SDU discard;

-
PDCP re-establishment and data recovery for RLC AM;

-
Duplication of PDCP PDUs.

The main services and functions of the PDCP sublayer for the control plane include:

-
Sequence Numbering;

-
Ciphering, deciphering and integrity protection;

-
Transfer of control plane data;

-
Reordering and duplicate detection;

-
Duplication of PDCP PDUs.
2.3.2
RRC related aspects

The main services and functions of the RRC sublayer include:

-
Broadcast of System Information related to AS and NAS;

-
Establishment, maintenance and release of an RRC connection between the UE and NG-RAN including:

-
Addition, modification and release of carrier aggregation;

-
Addition, modification and release of Dual Connectivity in NR or between E-UTRA and NR.

-
Security functions including key management;

-
Establishment, configuration, maintenance and release of Signalling Radio Bearers (SRBs) and Data Radio Bearers (DRBs);

-
Mobility functions including:

-
Handover and context transfer;

-
UE cell selection and reselection and control of cell selection and reselection;

-
Inter-RAT mobility.

-
QoS management functions;

-
UE measurement reporting and control of the reporting;

-
Detection of and recovery from radio link failure;

-
NAS message transfer to/from NAS from/to UE.
2.3.3
Network interface related aspects 

Additional functions of X2AP
The X2AP protocol provides the following functions additionally:
-
E-UTRA-NR Dual Connectivity. This function allows the eNB to request another en-gNB to provide radio resources for a certain UE while keeping responsibility for that UE.

-
Secondary RAT Data Usage Report. This function allows eNB to get the uplink and downlink data volumes for the Secondary RAT on a per E-RAB basis.
Additional functions of S1 AP
The S1AP protocol provides the following functions additionally:
-
Report of Secondary RAT data volumes function. The functionality enables the eNB to report Secondary RAT data usage information in case of EN-DC.

gNB-CU/gNB-DU Architecture and F1 interface

F1 interface was specified for the case where en-gNB is consisted of gNB-CU and gNB-DU; gNB-CU is defined as a logical node hosting RRC and PDCP protocols of the en-gNB. And, gNB-DU is defined as a logical node hosting RLC, MAC and PHY layers of the en-gNB.  

Functions of F1 AP
The F1AP protocol provides the following functions:
-
F1 interface management function
-
System Information management function
-
F1 UE context management function
-
RRC message transfer function
-
Paging function
2.4
Frequency aspects
While the physical and higher layers are designed as frequency agnostic, two separate radio performance requirements are specified for two frequency ranges (FRs) which are FR 1 is sub-6 GHz range (450 - 6000 MHz) and FR2 is mmWave range (24250 - 52600 MHz). Both ranges were identified in Rel.15 NR SI. The RF and RRM requirements are developed for respective frequency ranges. One big difference between the requirements in FR1 and FR2 is testing methodology. Both conducted and over-the-air (OTA) methodologies can be utilized in FR1, but only OTA methodology can be utilized in FR2. With respect to bands for NR, the NR bands are specified considering market demands and categorized in the following four types in the WI. Note that all the NR bands are defined with a prefix “n” to distinguish them from the bands for the other RATs.

1) LTE “refarming” band: The bands have the corresponding LTE bands. For example, NR band n7 is corresponding to LTE band 7. Hence, the bands would be likely to be used by “reframing” the exiting LTE bands. 

2) NR new bands in FR1: Completely new frequency bands for NR in FR1 whose corresponding LTE bands do not exist.

3) NR new bands in FR2: This is new frequency band for NR in FR2. Note that there are no specified LTE bands in FR2.
4) Supplemental uplink (SUL) band: SUL band has only uplink frequency, and it can be deployed with other type of NR bands. In the WI, uplink frequencies of some LTE bands were defined as SUL band. 
Note that the ranges {65 - 256} and {257-512} are reserved as band number for NR new bands in FR1 and FR2, respectively. A band number will be assigned to a new frequency range on a “first come first served” basis from the reserved frequency range. During Rel.15 NR WI, 3 bands in FR1 and 4 bands in FR2 were defined as NR new bands considering the spectrum allocation plan in each region/country as shown in Fig. 8. Especially for above new NR bands which have wider bandwidth than LTE, wider channel bandwidths, i.e. 100MHz in FR1 and 400MHz in FR2 at maximum, were defined to improve the spectrum efficiency and reduce the number of component carriers in case of NR CA operation. In addition, the RF requirements for NR bands and band combinations of EN-DC and NR CA were developed based on the market demands.
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Figure 8: New NR bands and spectrum allocation plan in FR1 and FR2 in Rel.15 NR
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Annex: Abbreviation

NR
NR Radio Access
NSA
Non Stand-Alone

PBCH
Physical Broadcast Channel

PDCCH
Physical Downlink Control Channel
PDSCH
Physical Downlink Shared Channel
PRACH
Physical Random Access Channel

PSS
Primary Synchronisation Signal

PUCCH
Physical Uplink Control Channel
PUSCH
Physical Uplink Shared Channel
SSS
Secondary Synchronisation Signal
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