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1. Introduction
In this contribution, we discuss the minimum HARQ processing time and number of HARQ process for NR UEs. The following are agreements on the HARQ processing time made in RAN1 NR Ad-hoc #1 and RAN1 #88.
	Working assumption:
· CBG-based transmission with single/multi-bit HARQ-ACK feedback is supported in Rel-15, which shall have the following characteristics:
· Only allow CBG based (re)-transmission for the same TB of a HARQ process
· CBG can include all CB of a TB regardless of the size of the TB – In the such case, UE reports single HARQ ACK bits for the TB
· CBG can include one CB
· CBG granularity is configurable

Agreements:
· Timing between DL assignment and corresponding DL data transmission is indicated by a field in the DCI from a set of values 
· The set of values is configured by higher layer
· Timing between UL assignment and corresponding UL data transmission is indicated by a field in the DCI from a set of values
· The set of values is configured by higher layer
· Timing between DL data reception and corresponding acknowledgement is indicated by a field in  the DCI from a set of values
· The set of values is configured by higher layer
· Timing(s) is (are) defined at least for the case where the timing(s) is (are) unknown to the UE
· FFS the value for the timing

Agreements:
· NR UE supports a set of minimum HARQ processing time
· FFS: set size
· NR supports different minimum HARQ processing time at least for across UEs
· The HARQ processing time at least includes:
· Delay between DL data reception timing to the corresponding HARQ-ACK transmission timing
· Delay between UL grant reception timing to the corresponding 
UL data transmission timing
· NR UE is required to indicate its capability of minimum HARQ processing time to gNB
· FFS how the capability is indicated by UE
· e.g. reported processing time granularity
· e.g. dependency of DMRS pattern configuration
· FFS definition of minimum HARQ processing time



2. Discussion on Minimum HARQ Process Time
The HARQ processing time for reception of packet (e.g. transport block) is determined by the payload size, which impacts number of code blocks (CB) the receiver needs to process, permissible pipelining, and receiver processing capability. For a given HARQ process feedback timing configured by higher layers, several factors need to be taken into account to determine whether or not the receiver is able to processing the received signal in time to generate a HARQ-ACK and send it in the indicated time instance. In this section, we discuss some factors that affect HARQ processing time that were not explicitly mentioned in the agreements made.
Payload size & TTI length of a transmission (i.e. slot vs. mini-slot) and maximum bandwidth
First factor is payload size (or transport block size) to process within a given time budget (or slot). Although the detailed design of NR LDPC scheme is on-going, the transport block size and code block segmentation will determine the number and size of code blocks (CB) to process. These factors, along with the mapping to physical resources (e.g. time/frequency/spatial) and timely availability of DMRS, will drive processing time at the UE. In particular, the mapping of the code blocks to slot(s)/minislots, and the timely availability of control/DMRS for early start of decoding function would lengthen/compress the processing time at the receiver. This also relates to time-duration of a transmission and the maximum transmit bandwidth. For a given transmission bandwidth, it is expected that use of mini-slots for transmission would result in smaller payload size relative to a transmission spanning entire slot for a given transmission bandwidth and this can also impact the minimum required HARQ processing time.
Timing advance (TA)
UE is required to advance its uplink transmission of a HARQ-ACK based on timing advance value, and hence TA can impacts HARQ processing time at the UE. If a larger TA value is applied, the UE has to finish its decoding earlier, in order to prepare and start transmission of the uplink HARQ-ACK earlier. Thus timing advance value (or uplink timing) should also be a consideration in conjunction with payload size/slot, e.g. data rate. In some cases (e.g. at small data rates/payloads), the UE may be able to finish decoding much early regardless of TA value, but if the applied TA is large, UE may not be able to finish decoding for large payload/data rates.
Subcarrier spacing of the transmission
For a fixed transmission bandwidth, the processing time can (somewhat) shrink with increasing subcarrier spacing. This is because the number of subcarriers and the OFDM symbol duration shrinks linearly with increasing subcarrier spacing. However, the processing time for all functional blocks of a receiver do not linearly decrease with increasing subcarrier spacing. Each function  may behave differently for different subcarrier spacing configurations, e.g. FFT, channel estimation, equalization, de-modulation, decoding, bit segmentation and concatenation, bit parsing (in the upper layers), signal generation (for HARQ-ACK), and etc.  
PDCCH Decoding time
Typically, PDCCH contains the scheduling information for a PDSCH transmission, and hence the decoding time for PDCCH can lengthen/compress the processing time available for PDSCH decoding at the receiver. Thus, PDCCH decoding time an important factor affecting overall processing of the PDSCH. For example, if the UE is required to perform many PDCCH blind decode attempts, it can increase PDCCH decoding time and in turn reducing time budget available for remaining PDSCH decode operations, e.g. channel estimation, equalization, etc. While the PDCCH decoding latency can be reduced adding more hardware (e.g. PDCCH decoding engines or list Polar decoder engines) to parallel process multiple blind decodes,  it is desirable to provide (via spec) a tradeoff between complexity/timing, etc, e.g by limiting number of blind decodes as described below.

To meet certain HARQ processing time requirements, such as K1 (slots between PDSCH and PUCCH containing HARQ-ACK feedback) = 0, number of PDCCH blind decoding attempts could be reduced. Further study would be required once the downlink control channel design is matured to analyze whether any special restriction is needed to meet certain HARQ processing time requirements.
Given that the downlink control channel design, channel coding, physical channel mapping, RS structure and HARQ-ACK feedback structure is still not finalized yet, exact impact of HARQ processing time for each of the discussed factors may currently be unavailable. However, we expect the HARQ processing time will be impacted with some degree depending on the downlink control channel design, data rate, TTI configured for transmission, transmission bandwidth, configured TA, and subcarrier spacing of the transmission. 
Therefore, we would like RAN1 to further consider investigation of impact and relationship of HARQ processing time with data rate, TA, and subcarrier spacing, and how this will change UE capability signaling. It should be noted that not all factors discussed above would necessarily be included in UE capability signaling as that would be subject to further investigation. 
Proposal:
· NR should consider impact of downlink control channel design, data rate, TTI configured for transmission, transmission bandwidth, configured TA, and subcarrier spacing to the required HARQ processing time and the UE capability signaling.

3. Discussion on Number of HARQ Processes and HARQ buffers
Typically, the number of HARQ processes are determined such that the UE pipe can be kept full while each process is waiting for HARQ feedback in the SAW protocol. In TDD systems especially, this can lead to increased number of HARQ processes for various reasons, including limited uplink feedback occasions, gNB scheduling freedom, UE processing time, etc. While increased number of HARQ processes can lead to increased control overhead (e.g. increased payload on DCI and uplink control feedback), its impact on HARQ buffer at the UE side can be ameliorated using soft buffer management techniques. As a baseline, for NR, we think it would be good target similar number of HARQ processes as LTE as a starting point for NR. A smaller number of HARQ processes can be arranged to the UE depending on UE capability and the HARQ feedback timeline n+k configured to the UE; e.g., 8 or larger in case k is dynamically controlled by the scheduler. 
The maximum number of HARQ processes does not necessarily mandate a certain UE soft buffer requirement dependent on that number i.e. the UE soft buffer requirement may not linearly increase with the number of HARQ processes. For scheduling flexibility, the system may operate with more addressable HARQ processes than what the UE can fully store in its HARQ buffer.
Proposal:
· Support configuration of at least 8 (for FDD) and 16 (for TDD) addressable HARQ process numbers. This does not directly imply that the number of soft bits required by the UE is provisioned based on 8 and 16 HARQ processes. 

HARQ buffers are only needed when the UE needs to perform combining of the multiple received transmissions to improve decoding performance. When the system is operating with appropriate target BLER and link adaptation techniques, the HARQ buffer may not be fully occupied at the UE. For efficient use of HARQ buffers at the UE, pooling the HARQ buffers among all component carriers (in carrier aggregation) may simplify the problems faced in standardizing HARQ memory split in LTE CA. This would also allow the network to cope with varying loads of component carrier and allow flexible utilization of resources by shifting HARQ resources of one UE from one component carrier to another dynamically. Providing flexibility on the UE side to manage its HARQ buffer efficiently can lead to simplified and scalable design rather than specifying hard buffer splits that can complicate UE implementations. As such, overbooking techniques should not be precluded. 
As soft buffer memory management should be left to UE implementation, the network may require some information from the UE that would allow the network to intelligently determine scheduling decisions, e.g. transmission timing, HARQ-ACK timing, redundancy version, etc. For this purpose, we should investigate further into UE reporting of HARQ buffer loading status or similar information.
Proposal:
· NR should support dynamic pooling of HARQ buffer across component carriers in carrier aggregation of NR carriers. 
· Soft buffer management for NR is left up to UE implementation
· NR supports HARQ buffer loading status reporting from the UE

4. Summary
This document presented our views on HARQ processing time and number of HARQ processes. The following is a summary of our proposals in this contribution.
Proposals:
· NR should consider impact of downlink control channel design, data rate, TTI configured for transmission, transmission bandwidth, configured TA, and subcarrier spacing to the required HARQ processing time and the UE capability signaling.
· Support configuration of at least 8 (for FDD) and 16 (for TDD) addressable HARQ process numbers. This does not directly imply that the number of soft bits required by the UE is provisioned based on 8 and 16 HARQ processes. 
· NR should support dynamic pooling of HARQ buffer across component carriers in carrier aggregation of NR carriers. 
· Soft buffer management for NR is left up to UE implementation
· NR supports HARQ buffer loading status reporting from the UE



1/4
