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1 Introduction
This work item specifies NR enhancements for a single global solution framework for access to unlicensed spectrum which enables operation of NR in the 5GHz and the 6GHz (e.g., US 5925 – 7125 MHz, or European 5925 – 6425 MHz, or parts thereof) unlicensed bands taking into account regional regulatory requirements and reusing features of NR as much as possible. 
2
Description
This work item supports NR Radio Access operating with shared spectrum channel access to operate in different modes where either PCell, PSCell, or SCells can be in shared spectrum and an SCell may or may not be configured with uplink. The applicable deployment scenarios are described in the following.
-
Scenario A: Carrier aggregation between NR in licensed spectrum (PCell) and NR in shared spectrum (SCell);

· A.1: SCell is not configured with UL (DL only); A.2: SCell is configured with UL  (DL+UL). 
-
Scenario B: Dual connectivity between LTE in licensed spectrum and NR in shared spectrum (PSCell);
-
Scenario C: NR in shared spectrum (PCell);

-
Scenario D: NR cell in shared spectrum and uplink in licensed spectrum;
- 
Scenario E: Dual connectivity between NR in licensed spectrum (PCell) and NR in shared spectrum (PSCell)
2.1
Physical Layer Signals and Channels
2.1.1
Initial access signals and channels
For PRACH, to support larger PRACH transmission power under PSD limitation and/or to meet OCB requirement, longer PRACH sequences of length 1151 and 517 are introduced, applicable to 15kHz SCS and 30kHz SCS, respectively. Legacy length 839 PRACH sequence is not supported in a cell with shared spectrum channel access.
2.1.2
DL signals and channels

DCI 2_0 is enhanced to provide time and frequency domain Channel Occupancy Time (COT) structure. For time domain COT, remaining COT duration can be included in DCI 2_0. If COT duration field is not configured, the UE can derive the remaining COT duration from SFI field included in DCI 2_0. For frequency domain COT, a bitmap for available RB sets can be included in DCI 2_0 to indicate if an RB set is included in the current COT. 

Search space set group switching feature is also introduced, such that the UE can be dynamically controlled to perform PDCCH monitoring from two groups of search spaces sets. The search space set group switching can be triggered by explicit bit in DCI 2_0, a PDCCH decoding event in one of the groups, and a timer expiration.

In Rel-15, only length of 2, 4 and 7 OFDM symbols is supported with PDSCH mapping type B with. Additional lengths (i.e. 2-13 symbols) as well as corresponding additional DMRS positions are specified for unlicensed band operation. The feature is also specified for licensed operation.

In order to facilitate UE monitoring PDCCH on multiple RB sets while not significantly increasing RRC signalling overhead, a search space can be configured with multiple monitoring locations in frequency domain. The configuration of CORESET is replicated on the RB sets where these monitoring locations are located.
2.1.3
UL signals and channels

For PUCCH and PUSCH, PRB interlace structure is introduced to meet OCB requirement and boost transmit power under PSD limitation. For 30KHz SCS, M=5 interlaces are defined. For 15KHz SCS, M=10 interlaces are defined.. The interlaces are defined with respect to point A, and one interlace is formed by set of resource blocks M RBs apart.

For PUCCH, Rel.15 NR PUCCH format 0/1/2/3 are extended to PRB interlace waveform similar to PUSCH, but constrained within one RB set. PUCCH format 0/1 in Rel.15 is single RB only, and in Rel.16, they are extended to one interlace with 10 or 11 RBs. PUCCH format 2/3 in Rel.15 are already multiple RBs but in continuous RBs up to 16 RBs. In Rel.16, they are extended to occupy one or two interlaces. If one interlace is used, frequency domain OCC and pre-DFT OCC are introduced for PUCCH format 2 and 3 respectively to improve the multiplexing capacity.

In Rel-15, SRS is restricted to the last 6 symbols in a slot. In Rel-16, UE is able to be configured with SRS transmission on every OFDM symbols in a slot for unlicensed band operation. The feature is also specified for licensed operation.

gNB can schedule multiple contiguous PUSCH(s) by a single DCI format 0_1. 
2.2
Physical Layer Procedures

2.2.1
Channel access procedures

Rel.16 NR-U supports two channel access operation modes: dynamic channel access mode (corresponds to Load Based Equipment in [1]) and semi-static channel access mode (corresponds to Frame Based Equipment in [1]).

When operating on a wideband (i.e. >20MHz) carrier, clear channel assessment (CCA) is performed in the unit of 20MHz or 10MHz depends on regulation requirements.

For dynamic channel access mode, the following LBT mechanisms are defined:

· Cat 4 LBT with a contention window (Type 1); 
· Cat 2 LBT within a 25 µs sensing interval (Type 2A); Cat 2 LBT within a 16 µs gap (Type 2B)

· Cat 1 LBT with a gap of no more than 16 µs without channel sensing (Type 2C)

Both gNB and UE can acquire a COT with Cat 4 LBT, while a gNB or UE can share the COT acquired by the other node with Cat 2 or Cat 1 LBT under different conditions. The only exception is the transmission of discovery RS, which includes the transmission of SSBs and other non-unicast control and data, where under some restriction, Type 2A LTE can be used to acquire the COT.
For semi-static channel access, in Rel.16 NR-U, only gNB can contend for a channel as a fixed frame period boundary and a UE can share the gNB COT for transmission if gNB DL transmission is detected in an earlier part of the same COT. 

2.2.2
Enhancements to initial access procedures

Discovery RS is a concept introduced for NR-U to deliver critical information including PSS/SSS/PBCH blocks (SSB) and critical system information including System Information Block 1 (SIB1). In NR, for sub-7GHz bands, up to 8 SSBs can be transmitted every 20ms to support beam sweeping with different SSB positions. There is no quasi-colocation (QCL) relationship across up to 8 SSBs within one cycle, but SSBs at the same position in different cycles are assumed to be QCL’ed.

For unlicensed band operation, transmissions are subject to LBT. Hence, there is a chance that SSBs cannot be transmitted due to LBT failure. There are two enhancements introduced to support a more reliable delivery of critical system information:

· Type 2A LBT can be used to start the DRS transmission if the duty cycle of the DRS is no larger than 1/20 and the length of the DRS is no longer than 1ms

· Up to 20 and 10 candidate SSB positions in a half frame are supported for 30kHz SCS and 15kHz SCS, respectively, to allow more transmission opportunities than Rel-15. SSBs on the candidate SSB positions with same SSB index are regarded as QCLed.

The RSSI measurement bandwidth is 20MHz regardless of the carrier bandwidth.  
2.2.3
HARQ enhancements

For operation in unlicensed band, a major issue with HARQ operation is scheduled ACK/NACK transmission may not happen due to LBT failure. In licensed operation, ACK/NACK transmission failure issue is not severe. If ACK/NACK is not received by the gNB, there is no mechanism to retransmit the ACK/NACK. This was acceptable for Rel-15 since the probability for gNB failing to decode ACK/NACK is small and the gNB can schedule a retransmission of PDSCH to collect ACK/NACK. For unlicensed band operation, since the channel is shared with other nodes, the transmission of PUCCH or PUSCH carrying ACK/NACK is not guaranteed, and the probability that the UE failed ACK/NACK transmission cannot be ignored anymore. To solve this problem, three features have been designed:

· Non-numerical K1 indication for ACK/NACK transmission timing

· Enhanced (Type 2) dynamic codebook for HARQ ACK

· One-shot (Type 3) codebook for HARQ ACK

The non-numerical K1 feature is introduced, such that the gNB does not provide a time to report ACK/NACK when scheduling the PDSCH. Instead a special non-numerical K1 is indicated in the DL grant scheduling the PDSCH. The UE will hold on to the ACK/NACK corresponds to the PDSCH, and report ACK/NACK when a later PDSCH is scheduled with another DL grant with proper K1 timing indicated. 

The other two HARQ enhancement features are introduced to support UE ACK/NACK re-transmissions. For enhanced dynamic codebook design, HARQ ACK group is introduced. Within an HARQ ACK group, the already scheduled ACK/NACK (transmitted or failed to transmit) can be triggered to be retransmitted. Rel.16 NR-U also defines a type-3 HARQ ACK codebook. In this codebook design, gNB can trigger the report of ACK/NACK for all configured HARQ processes over all cells by setting a bit in -the DCI. 

2.2.4
Configured grant enhancement

Rel.16 NR-U enhanced Configured grant UL transmission by allowing the UE to performing retransmission of a TB in a CG-PUSCH resource. A CG-UCI is included to indicate the HARQ process ID, NDI and RVID of the transmission. UE can acquire a COT with Cat 4 LBT for CG-UL transmission and share the COT with gNB for DL transmissions. The COT sharing information is also carried in CG-UCI. When CG is configured, gNB can feedback HARQ-ACK for UL transmission by CG-DFI. When the UE is configured with repK > 1, repetition of a TB is mapped within a configuration in the case when an UE is configured with multiple active configurations, the UE repeats the TB in the earliest consecutive transmission occasion candidates within the same configuration instead of consecutive slots, the UE terminates the repetitions if an explicit feedback indicating ACK in the DFI is received for the HARQ process.
2.2.5
Wideband operation

The concept of “RB set” is introduced which approximately corresponds to one 20MHz channel. For PUSCH, the resource allocation is defined by continuous RB sets and the set of interlaces. The RB sets are defined by RRC configuring the intra-cell guard band between RB sets. If the intra-cell guard band is not configured, the default values for intra-cell guard band from RAN4 will be applied. It is also possible to configure the intra-cell guard band to be 0.

In a DL BWP with bandwidth larger than 20MHz, gNB may transmit DL channels and signals when LBT is successful on a subset of RB sets (either contiguous or non-contiguous) in the BWP. In a UL BWP with bandwidth larger than 20MHz, UE is allowed to transmit UL channel and signals only if LBT is successful on all RB sets where UL transmission is scheduled/configured and non-zero intra-cell guard is applied in between.

2.3
MAC Enhancements

At the Medium Access Control (MAC) layer, several features were introduced to alleviate the impact of LBT mechanism on MAC procedures. The main ones are: Consistent LBT failure detection and recovery; Changes to RACH procedures; Configured Grant (CG) changes.
A new mechanism to detect and recover from consistent UL LBT failures was introduced. The detection is per Bandwidth Part (BWP) and based on all uplink transmissions within this BWP.  Similar to BFD, a timer is re-started with every LBT failure indication from physical layer to MAC; a counter is incremented with every LBT failure and is reset when the timer expires. When the counter exceeds a configured threshold, consistent UL LBT failure is declared on this BWP. 

For failures on SCells, the UE reports this to the corresponding gNB (MN for MCG, SN for SCG) via a MAC CE. For SpCell (PCell or PSCell), when consistent uplink LBT failures are detected, the UE switches to another UL BWP with configured RACH resources on that cell, initiates RACH, and reports the failure via MAC CE. If failures happen on all such BWPs, SCG failure for PSCell and RLF for PCell is declared.
If msg1 in 4-step RACH or msgA preamble in 2-step RACH is not transmitted due to LBT failure, the UE does not increment the power of the next attempt. If the UE is configured with the above LBT failure detection/recovery, it also does not increment the transmission counter; in this case, the failure of RACH procedure is handled by the LBT failure detection/recovery.

The LBT failure for transmission of msg2 in 4-step RACH and msgB in 2-step RACH necessitated longer monitoring windows at the UE to receive these messages. The maximum window duration was increased from 10ms in Rel-15 to 40ms. However, this change caused possible ambiguity of determining the correct initial transmission for which the response was intended.  To solve this, the gNB signals the last two-bits of SFN corresponding to msg1 transmission time for msg1 or msgA preamble in the corresponding response message.
The changes to configured grant transmission are mainly due to autonomous retransmission on CG resources, autonomous HARQ process ID and RV selection, and LBT failures. A new CG retransmission timer was introduced where the UE is allowed to retransmit a packet on a CG after this timer expires without any ACK from the gNB for the earlier transmission. The UE always prioritizes ongoing retransmissions over new transmissions.  Since the UE signals HARQ ID and RV on CG transmissions, their selection is left to the UE implementation. Multiple CGs on a BWP are allowed where they all can use the above retransmission feature and can also share the same HARQ ID pool.
For uplink multi-TTI transmission, the UE is allowed to select a HARQ process and RV to transmit a generated packet to handle the scenario when the LBT fails for the initial TTI occasions. To support transmission of DL HARQ feedback during DRX operation, if the UE receives a non-numerical K1 where the actual DCI for HARQ feedback will be coming later, monitoring of downlink control channel was extended in time.
2.4
Upper Layer Enhancements

For Connected mode mobility, the only change for NR-U is the support of RSSI and Channel Occupancy (CO) measurements similar to LTE-LAA. These can be reported periodically or along with other measurement reports. 

For Idle/Inactive mode mobility, the rules for checking other cells for reselection were relaxed to handle the cases when best cell on a frequency belongs to a different PLMN. To further help the UE consider only the cells of the home or equivalent PLMN in reselection, a “white-list” of such neighbor cells is broadcasted.

In Rel-15 NR, the UE has a single Paging Occasion (PO) for every DRX cycle in Idle/Inactive mode. Since LBT may fail during a paging transmission attempt, multiple PDCCH monitoring occasions were introduced for NR-U. This allows the gNB to transmit the paging message when LBT is not successful at the first instance. As monitoring of multiple occasions increases UE power, gNB can let the UE stop further monitoring when there is no page for that UE by transmitting a Short Message on paging channel with a newly introduced bit for this purpose. The UE can also stop monitoring when it detects a paging for other UEs with the assumption that the gNB had access to the channel and thus there is no page for itself.

Channel Access Priority Class (CAPC) can be configured for each data radio bearer (DRB) and SRB2. The signaling bearers (except for SRB2) always use the highest priority CAPC. The gNB assigns the CAPC by taking into account the specified mapping between 5QI (QoS indicator) of QoS flows in a DRB. The UE uses this configuration to determine the CAPC when not signaled by the gNB directly via DCI. This applies to all CG transmissions and some dynamic grants. When signaling data is transmitted, CAPC of the PDU is same as the CAPC of the highest priority signaling bearer.  In all other cases, the lowest priority CAPC among the multiplexed data flows is chosen for the CAPC of the PDU
2.5
Targeted spectrum
Two bands have been considered and defined in relation to this work item: 
	NR operating band
	Uplink (UL) operating band
BS receive / UE transmit

FUL_low   –  FUL_high
	Downlink (DL) operating band
BS transmit / UE receive

FDL_low   –  FDL_high
	Duplex Mode

	n46
	5150 MHz – 5925 MHz
	5150 MHz – 5925 MHz
	TDD13

	n9614
	5925 MHz – 7125 MHz
	5925 MHz – 7125 MHz
	TDD13


NOTE 13: This band is restricted to operation with shared spectrum channel access as defined in [37.213].

NOTE 14: This band is applicable in the USA only subject to FCC Report and Order [FCC 20-51]
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