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1. Introduction
In this contribution, we discuss aspects related to characterizing UE processing times and the number of HARQ processes in NR.
2. Discussion on UE processing times in NR
During the RAN1 NR AH#2 meeting, the following was agreed with regard to UE processing time definitions [1]:
· UE processing time to be defined in terms of symbols and absolute time (in μs)
· N1: # of OFDM symbols required for UE processing from the end of NR-PDSCH to the earliest possible start of the corresponding A/N transmission from UE perspective
· N2: # of OFDM symbols required for UE processing from the end of NR-PDCCH containing the UL grant to the earliest possible start of the corresponding NR-PUSCH transmission from UE perspective
· N1 and N2 include only UE processing time, i.e., TA is not included
· FFS between the following for each combination defined in the next slide
· Opt 1: UE reports N1 and N2 as UE capability
· Opt 2: Fixed values of N1 and N2
· UE is not expected transmit anything in uplink if the network set the values of K1 and/or K2 without leaving sufficient time for UE processing
Additionally, the following work plan was agreed towards the characterization of UE processing times in NR [1]:
· Email discussion on the following
· Step 1: identify the candidate factors for processing time (until 4th Aug.)
· Step 2: identify the table (until 4th Aug.)
· Based on the proponents’ input for step 1 and step 2, following work will be done:
· Step 3: fill-in the table
· Targeting finishing step 3 until September meeting.
· Note: companies are encouraged to bring up initial numbers for the table to the August meeting
· Note: fill-in the table does not necessarily results in defining some UE capabilities or exact values of K1 and K2 in the specification.
Subsequently, as part of the RAN1 email discussion, inputs on candidate factors and the key contributing factors to different characterization of N1 and N2 values were summarized and the following has been proposed by the email discussion rapporteur:
	Proposal (from Rapporteur of email discussion [NRAH2-09]): The candidate factors for (N1,N2) processing time characterization (Step 3) are given in Table 1. 
· Nominal assumptions should be provided for this characterization Examples are provided Table 1
· Table 1 provides the simples set of candidate factors required for characterization. Other N1,N2 values based on additional candidate factors may be optionally provided. 
· It is understood that if nominal assumptions change, the (N1,N2) characterization can be revisited accordingly.

[bookmark: _Ref489979896][bookmark: _Ref489979879]Table 1. Candidate factors for UE processing time (N1,N2)
	
	N1
	N2

	Nominal assumptions1
	Single carrier / Single BWP / Single TRP
· Max TBS (or spectral efficiency) for 4-layer MIMO and 256-QAM
PDSCH
· 14-symbol slot-based scheduling
· Frequency-first RE-mapping, no time-interleaving of CBs across TB
PDCCH
· Same numerology / BWP as PDSCH
· PDSCH does not precede PDCCH
· Single grant monitored for PDSCH
· 20 blind decodes, single symbol
PUSCH/PUCCH 
· Short formats for HARQ-ACK
	Single carrier / Single BWP / Single TRP
· Max TBS (or spectral efficiency) for 2-layer and 64-QAM
PUSCH
· 14-symbol slot-based scheduling
· No time-interleaving of CBs across TB
PDCCH
· Same numerology / BWP as PUSCH
· Single grant monitored for PUSCH
· 20 blind decoding, single symbol
PUSCH
· UCI multiplexing, DFTsOFDM and OFDM
· Front loaded DMRS for low latency

	Candidate factors 
	· SCS
· DMRS configuration
	· SCS
· RE-mapping (depending on specification)2 


1These are examples provided for illustration. Any nominal assumptions which differ from the list or otherwise are not included, can also be provided for context on the evaluation.
2Preferred RE-mappings may be specified in cases where decisions are pending.



In our view, this is a reasonable way forward and only a few additional aspects should be further clarified towards ensuring the original goal of this exercise. These are summarized below:
· Determination of max TBS as part of nominal assumptions for N1 and N2
· It has been suggested that max TBS (or spec. eff.) for 4-layer MIMO and 256-QAM (for 2-layer MIMO and 64-QAM for N2) are assumed. However, the max TBS as well as receiver processing efforts is also guided by the occupied channel BW. Accordingly, suitable assumptions on the considered channel BW should be included. Further, the maximum channel BW can be different for different SCS (and also carrier BW as agreed by RAN4). However, to simplify the different sets of assumptions, at least characterization based on the channel BW for the corresponding SCS should be included.
· UCI multiplexing in PUSCH for N2
· It should be clarified as to whether UCI here corresponds to HARQ-ACK feedback or CSI feedback. Considerations on the processing time for CSI feedback are being discussed as part of MIMO AI, and if CSI feedback is assumed to be included in determining N2 values, appropriate additional assumptions on CSI measurements and reporting configuration is necessary. Alternatively, if “no UCI multiplexing” is assumed, then further discussions are needed as to how the reported N2 values are interpreted when PUSCH is to be transmitted with CSI feedback as part of UCI multiplexing.
· UCI multiplexing in PUSCH for N1
· It should be clarified that no CSI feedback is assumed for the case of HARQ-ACK feedback via PUSCH.
· No time interleaving of CBs across TB for N2 
· For PUSCH, it should be clarified that no time-interleaving of CBs across TBs is applied to both DFT-SOFDM and OFDM case with front-loaded DMRS for low latency. For other DMRS patterns, other RE mapping may be specified.
· DMRS configuration for N1
· Although slot-based PDSCH is mentioned as part of nominal assumptions, it is recommended that the corresponding DMRS assumption of first DMRS location in the 3rd/4th symbol of the slot is explicitly captured. 
· It is further recommended that in case no further agreements on distributed (in time) PDSCH DMRS locations are made during RAN1 #90 meeting, a common DMRS configuration should be decided as alternative to the slot-based front-loaded DMRS pattern of the previous bullet.

Proposal 1:
· For N1 and N2, RAN1 to agree on nominal assumptions for channel BW for TBS determination corresponding to the SCS.
· For N2, contents of UCI multiplexed in PUSCH should be clarified and for CSI feedback, appropriate assumptions on CSI measurements and reporting configuration should be added as part of nominal assumptions, and also clarify no time-interleaving of CBs across TBs is applied to both DFT-SOFDM and OFDM case with front-loaded DMRS for low latency.
· For N1, DMRS configuration assumption includes at least slot-based PDSCH DMRS with DMRS symbol being the 3rd/4th symbol of a slot, and no CSI feedback multiplexing when HARQ-ACK is transmitted on PUSCH.
3. Discussion on Number of HARQ Processes 
In LTE, a single numerology, slot duration, fixed processing time-budgets (or round-trip) and fixed UL-DL configurations (in case of TDD) were assumed to determine the number of HARQ processes, which yielded a single value for FDD (8) , and a fixed value for each of the TDD configurations (ranging from 4 to 15). 
While we think some of the same principles from LTE can be re-applied, for NR there is a lot of configurability (e.g. numerology, processing time-budgets, UL and DL transmissions), which can potentially lead to wide-variation in the number of HARQ processes at the UE side, leading to a maximum number of HARQ processes which is relatively large, and which may not be applicable to the typical configurations at which the UE is expected to operate. 
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 (such as overbooking, etc). 
The factors impacting the maximum number of HARQ processes include:
· UE and gNB processing times for data channels
· UE processing time for DL control channel decoding
· Relates to DL control channel monitoring occasions, overall PDCCH blind decoding load, relationship between PDCCH and scheduled PDSCH (i.e., if the PDCCH needs to be decoded in order to receive the PDSCH)
· UE processing time for preparation of UL transmission
· Operation point w.r.t. throughput. For instance, the maximum number of HARQ processes may only correspond to peak data rate operation in certain configurations. The relationship to throughput/data rates, in turn, influenced by:
· Maximum TBS sizes
· HARQ RTT (incorporating data channel duration and scheduling/HARQ delays)
· Numerology
· Propagation delays and backhaul/fronthaul delays (i.e., dependency on deployments)

The maximum number of HARQ processes can be different for different UEs, depending on their capabilities.
To determine the maximum number of HARQ processes, it may be natural to consider the maximum possible HARQ RTT configuration. However, a reasonable balance is necessary between the resulting UE complexity, gNB scheduling flexibility, and expected performance (e.g., achievable data rates) in determining suitable combination(s) for the values of K0 through K3 that may be used to guide the maximum number of HARQ processes.
[bookmark: _GoBack]The maximum number of HARQ processes would impact the DCI design via the HARQ process index field (extra some states could be reserved or unused). It is noted that peak rate need not be supported by the UE if the number of HARQ processes used is relatively larger than suitable reference configuration(s) for that UE e.g., in that case it causes excessive soft buffer blocking, or UE would support a lower data rate, etc.
For example, a processing time of two slots with SCS 30kHz, , yields four as a reference number of HARQ processes supporting a certain peak data rate and a certain amount of soft buffer locations with a given LBRM factor (of  50%) [2]. In this case the maximum number of HARQ processes may be set to 4 (or to a slightly larger number such as 6, if some margin is allowed). In case of a slight margin, the UE may be able to support the peak data rate using soft buffer overbooking method without increased blocking. However, requiring UE to support peak data rate for a very large number of maximum HARQ processes shall be avoided as it will also require increase soft memory. Further, the number of HARQ processes and peak data rates can be different depending on numerology and timing relationships.
The maximum HARQ processes may be different between DL and UL.
A small number of HARQ processes (such as [8]) can be arranged to the UE depending on UE capability and the HARQ feedback timeline n+k configured to the UE. 
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 2: 
· A small number of HARQ processes (such as [8]) can be arranged to the UE depending on UE capability and the HARQ feedback timeline n+k configured to the UE. 
4. Summary
This document presented our views on characterization of UE processing times and number of HARQ processes. The following is a summary of our proposals in this contribution.
Proposal 1:
· For N1 and N2, RAN1 to agree on nominal assumptions for channel BW for TBS determination corresponding to the SCS.
· For N2, contents of UCI multiplexed in PUSCH should be clarified and for CSI feedback, appropriate assumptions on CSI measurements and reporting configuration should be added as part of nominal assumptions, and also clarify no time-interleaving of CBs across TBs is applied to both DFT-SOFDM and OFDM case with front-loaded DMRS for low latency.
· For N1, DMRS configuration assumption includes at least slot-based PDSCH DMRS with DMRS symbol being the 3rd/4th symbol of a slot, and no CSI feedback multiplexing when HARQ-ACK is transmitted on PUSCH.
Proposal 2:
· A small number of HARQ processes (such as [8]) can be arranged to the UE depending on UE capability and the HARQ feedback timeline n+k configured to the UE. 
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