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1. Introduction
At the RAN1#86bis and RAN1 January AH NR meeting, following agreements were achieved [1] – [2].
	Agreements:
· NR supports operation of more than one DL HARQ processes for a given UE
· NR supports operation of more than one UL HARQ processes for a given UE
· FFS: URLLC case

Agreements:
· NR supports operation of one DL HARQ process for some UEs
· NR supports operation of one UL HARQ process for some UEs
· FFS: Conditions on supporting above 2 bullets
· Note: This does not mean the gNB has to schedule back-to-back
· Note: This does not mean the UE has to support K1=0 and/or K2 = 0
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



In this contribution, we firstly calculate the DL and UL HARQ Round-Trip Time (RTT) assuming different levels of processing time at the UE and the gNB. Then, the reasonable number of HARQ processes supported by NR is proposed based on the time-budget analysis. Lastly, we discuss the impact of the HARQ process number. 
2. Processing time impact on HARQ Round-Trip Time (RTT) calculation
LTE applies multiple stop-and-wait HARQ processes operating in parallel to make sure that one UE can achieve peak data rate of the given carrier. The number of the parallel DL/UL HARQ processes is determined by the DL/UL HARQ RTT which equals to the sum of four parts: DL/UL data transmission time interval (TTI), processing time at UE/BS side, TTI of HARQ acknowledgement in the uplink/downlink and processing time at BS/UE side. From the latency perspective, the HARQ RTT should be as short as possible. However, an unnecessarily short HARQ RTT would increase the demand on the terminal processing capability and implementation complexity. Therefore, in LTE, a trade-off was made to have a fixed HARQ RTT which led to 8 HARQ processes per carrier in both uplink and downlink for FDD. For TDD, the number of processes depends also on the UL-DL configuration. In the following, we will first analyze the processing time required at UE/eNB side in case of LTE and then considering the new features of NR, e.g. shortened TTI transmission due to higher SCS and/or mini-slot, faster gNB/UE processing capability etc., different processing time values will be assumed at gNB/UE side to see the effect on RTT and the resulting number of HARQ processes. 
2.1. Processing time required at UE/eNB for LTE DL/UL HARQ
In case of FDD LTE, both DL and UL HARQ process number is 8. For DL processing time, as shown in Fig. 1, the DL data TTI is 1ms and the UL HARQ-ACK TTI is 1ms, then in case of minimum timing advance (TA) of 0ms is applied, the processing time at both eNB and UE side is 3ms; in case of the maximum TA of 0.67ms is applied, the processing time at eNB side becomes 3.67ms while at UE side becomes 2.33ms. 
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Fig.1 illustration on FDD LTE DL processing time 

Regarding to the UL processing time in LTE, as shown in Fig. 2, the UL data TTI is 1ms and the UL HARQ-ACK TTI is assumed to be 0.28ms which equals to the length of 3-symbol PDCCH/PHICH, then in case of minimum TA of 0ms is applied, the processing time at both eNB side is 3ms while at UE side is 3.72ms; in case of the maximum TA of 0.67ms is applied, the processing time at eNB side becomes 3.67ms while at UE side becomes3.05ms. 
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Fig.2 illustration on FDD LTE UL processing time 

As can be seen, for FDD LTE, the timing relationship between DL data reception/UL assignment and corresponding acknowledgement/UL data transmission is fixed to 4ms which includes actual processing time of the UE and the TA. According to the discussion in the ongoing WI “Shortened TTI and processing time for LTE”, the fixed common timing led to either limit the minimum value of the scheduling/HARQ timing or limit the maximum value of TA. However, for NR, flexible timing which enables dynamic indication by L1 signalling was agreed to support. This makes basically sure that any TA value is applicable no matter how TTI is shortened; for example, when a DL data is scheduled on slot n, it is possible to indicate the UE to report HARQ-ACK on slot n + k, where k is set large enough to absorb TA offset. Therefore, TA can be decoupled with the processing time aspect for NR, and large value of TA for a given cell can be ensured for all the UEs having different processing time capabilities and/or different TTI length. 
Proposal 1:
· Consider to decouple UL scheduling timing/HARQ-ACK feedback timing from TA
· Large TA value should be applicable no matter how TTI is shortened.
· As long as the transmission timing is configurable, TA will not be the issue 
2.2. NR DL HARQ RTT
In the following, we will calculate the possible DL HARQ RTT and the resulting number of HARQ processes for NR assuming different levels of processing time at gNB and UE side without taking TA into account. In the following, the DL HARQ RTT is calculated for four DL data transmission intervals (1ms, 0.5ms, 0.25ms, and 0.125ms, respectively) with 1-symbol duration of UL HARQ-ACK feedback (0.072ms, 0.036ms, 0.018ms, and 0.009ms, respectively), considering different TTI lengths are to be supported in NR. Table 1 assumes legacy processing time of 2.33ms is always applied at UE side and following three levels of processing time is employed at gNB side: legacy processing time of 3ms, medium processing time of 1.5ms and fast processing time which is (3 x HARQ-ACK TTI duration). The fast processing time is based on the fact that NR will support HARQ-ACK transmission on PUCCH in short-duration (e.g., 1-symbol), so that gNB processing time can be reduced by using such shortened PUCCH.
Table 1: DL HARQ RTT and the required number of HARQ processes for gNB applied with different processing times
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Table 2 selects medium processing time of 1.5ms applied at gNB side and following three levels of processing time is applied at UE side: legacy processing time of 2.33ms, medium processing time of 1.5ms and fast processing time which is (3 x DL data TTI duration).
Table 2: DL HARQ RTT and the required number of HARQ processes for UE applied with different processing times
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From Table 1 and Table 2, it can be observed that the DL HARQ RTT is affected by the processing time and the transmission time intervals of DL data and UL HARQ-ACK. The minimum required number of HARQ processes increase with the processing time increase at either gNB or UE side, while the minimum required number of HARQ processes decrease with the increase of transmission time interval.
2.3. NR UL HARQ RTT
Similar to the calculation of DL HARQ RTT, here we will calculate the UL HARQ RTT and the resulting number of HARQ processes for NR assuming different levels of processing time at gNB/UE side and without taking TA into account. Here, HARQ-ACK for UL data is written but UL grant DCI can play this role very well.
Table 3 assumes legacy processing time of 3.05ms is applied at UE side and following three different levels of processing time employed at gNB side: legacy processing time of 3ms, medium processing time of 1.5ms and fast processing time which is (3 x HARQ-ACK TTI duration). Table 4 assumes medium processing time of 1.5ms at gNB side and three levels of processing time at UE side: legacy processing time of 3.05ms, medium processing time of 1.5ms and fast processing time which is (3 x UL data TTI duration).

Table 3: UL HARQ RTT and the required number of HARQ processes for gNB applied with different processing times 
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Table 4: UL HARQ RTT and the required number of HARQ processes for UE applied with different processing times 
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From Table 3 and Table 4, similar observations as for DL HARQ RTT can be draw for UL HARQ RTT. Shorten the transmission time interval can reduce the HARQ RTT. However, due to the constraints for the processing time at gNB and UE which cannot be linearly scaled with the transmission time interval, larger number of HARQ process is required for shorter transmission time interval.
Generally, for NR, it is expected to reduce HARQ RTT and to minimize the necessary number of HARQ processes for some operations to achieve shorter latency. If symbol-by-symbol pipeline processing is adopted, at least for some UEs, UE processing time can be greatly reduced. If gNB scheduler is significantly lighter than today, BS processing time can also be greatly reduced. However, whether those are achievable, and whether back-to-back single HARQ process self-contained operation is easily realized is not clear yet. Besides, NR is expected to be operated under various deployment scenarios. For the very first release of NR, requiring/assuming extremely faster processing time for UEs would cause market issues. For gNBs, as long as HARQ is asynchronous, it is implementation matter whether a short HARQ RTT is applied. However, if the specification limits the maximum number of HARQ processes to be very small, the gNB whose processing time is not extremely fast may not continuously schedule one UE and hence the peak data rate for a given UE will not be ensured. Considering that current LTE supports 8 – 15 DL HARQ processes for TTI length of 1ms, maximum HARQ process number around 8 for TTI length of 1ms and 16 for TTI length longer than 0.125ms but shorter than 1ms could be a good starting point that can be comparable with LTE.

· Consider maximum number of HARQ processes around 8 – 16 as the starting point of further study.
· Note:
· LTE already supports up to 8 HARQ processes (FDD)
· LTE already supports up to 16 HARQ processes (TDD-FDD CA with TDD-PCell)
· FFS whether this range is feasible for the case where mini-slot is used or very short-TTI (e.g., 0.125ms) is used

Even for LTE, shortened processing time and TTI has been under working. Unlike LTE, NR supports scalable numerology. Therefore, NR can, in general, support further shorter HARQ RTT. RAN1 should carefully consider/determine HARQ RTT and the maximum number of HARQ processes for NR with a given numerology. 

Proposal 2:
· Take into account that lager value and wider variations for the HARQ process numbers would be necessary considering following aspects.
· UE is allowed to support different processing time
· gNB is allowed to support different processing time
· TTI lengths
Proposal 3:
· Consider maximum number of HARQ processes around 8 – 16 as the starting point of further study.
· Note:
· LTE already supports up to 8 HARQ processes (FDD)
· LTE already supports up to 16 HARQ processes (TDD-FDD CA with TDD-PCell)
· FFS whether this range is feasible for the case where mini-slot is used or very short-TTI (e.g., 0.125ms) is used

3. Impact of HARQ process number 
As discussed in section 2, the number of HARQ processes should be matched to the HARQ RTT. From gNB/UE point of views, having large number of HARQ processes can alleviate the processing time of data handling. The possible maximum number of HARQ processes would have impact on the following factors; one is soft-buffer size of the UE, and the other is the bit-widths of DCI fields, e.g., HARQ process indicator, timing indicators for DL/UL data scheduling, and timing indicator for DL HARQ-ACK feedback. For bit-widths of DCI fields, it is clear that large number of HARQ processes will lead to large DL control overhead. Regarding the soft-buffer management, whether the system is optimized for such large HARQ RTT needs further study. Following three options can be considered. 
Opt.1: Support both large HARQ process number and soft-buffer size.
Opt.1 guarantees sufficient memory which may be scaled linearly with the maximum data rate to for storing the received channel bits from all HARQ processes so that UE can be scheduled with the whole radio resource of the carrier without any blank time. With opt. 1, although UE can realize peak data rate of the carrier, while requires large soft-buffer size and DCI field indicating HARQ process index.
Opt.2: Support reasonable small HARQ process number and soft-buffer size.
The soft-buffer size in opt.2 is designed to match the supported HARQ process number. The saving of soft buffer lowers cost of the UE implementation. However, for the case where large processing time-budget is needed, peak data rate of the carrier is not achievable by the UE.
Opt.3: Support large HARQ process number with small soft-buffer size.
Opt.3 supports smaller soft-buffer size compared to the supported number of HARQ processes. It is reasonable to define a smaller soft buffer size compared to the soft buffer size which is almost linearly scaled with the number of HARQ processes as the ratio for the simultaneous error decodes on a certain number of HARQ processes is very low and overbooking method is applicable. With opt.3, UE can realize peak data rate of the carrier, while small soft-buffer does not require high-cost UE implementation. The impact of small soft-buffer size should carefully be investigated.
Proposal 4:
· Identify necessary HARQ RTT and maximum number of HARQ processes taking into account that they would have impact on the following aspects.
· Bit-widths of DCI indicators for scheduling/HARQ timing, HARQ-ACK feedback timing, and HARQ process ID
· Soft-buffer size for a given UE
· It is reasonable to define a smaller soft buffer size for UE implementation for larger number of HARQ processes.

4. Conclusion
In this contribution, we discussed scheduling HARQ procedure for NR and proposed the following:
Proposal 1:
· Consider to decouple UL scheduling timing/HARQ-ACK feedback timing from TA
· Large TA value should be applicable no matter how TTI is shortened.
· As long as the transmission timing is configurable, TA will not be the issue 
Proposal 2:
· Take into account that lager value and wider variations for the HARQ process numbers would be necessary considering following aspects.
· UE is allowed to support different processing time
· gNB is allowed to support different processing time
· TTI lengths
Proposal 3:
· Consider maximum number of HARQ processes around 8 – 16 as the starting point of further study.
· Note:
· LTE already supports up to 8 HARQ processes (FDD)
· LTE already supports up to 16 HARQ processes (TDD-FDD CA with TDD-PCell)
· FFS whether this range is feasible for the case where mini-slot is used or very short-TTI (e.g., 0.125ms) is used
Proposal 4:
· Identify necessary HARQ RTT and maximum number of HARQ processes taking into account that they would have impact on the following aspects.
· Bit-widths of DCI indicators for scheduling/HARQ timing, HARQ-ACK feedback timing, and HARQ process ID
· Soft-buffer size for a given UE
· It is reasonable to define a smaller soft buffer size for UE implementation for larger number of HARQ processes.
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DL BS proc time = 3ms BS proc time = 1.5ms BS proc time =3 x HARQ TTI

ims 0.5ms | 0.25ms | 0.125ms ims 0.5ms | 0.25ms | 0.125ms ims 0.5ms | 0.25ms | 0.125ms
DL data TTI duration 1 0.5 0.25 0.125 1 0.5 0.25 0.125 1 0.5 0.25 0.125
UE proc time 233 233 233
UL HARQ-ACK 0.072 0.36 0.018 0.009 0.072 0.36 0.018 0.009 0.072 0.36 0.018 0.009
TTI duration
BS proc time 3.00 1.50 0.22 0.11 0.054 0.027
HARQ RTT (ms) 6.40 5.87 5.60 5.46 4.90 437 4.10 3.97 3.62 2.98 2.65 2.50
HARQ proc number 7 12 23 44 5 9 17 32 4 6 11 20
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DL UE proc time = 2.33ms UE proc time = 1.5ms UE proc time = 3 x HARQ TTI

ims 0.5ms | 0.25ms | 0.125ms ims 0.5ms | 0.25ms | 0.125ms ims 0.5ms | 0.25ms | 0.125ms
DL data TTI duration 1 0.5 0.25 0.125 1 0.5 0.25 0.125 1 0.5 0.25 0.125
UE proc time 233 1.50 3.00 1.50 0.75 0.375
UL HARQ-ACK 0.072 0.36 0.018 0.009 0.072 0.36 0.018 0.009 0.072 0.36 0.018 0.009
TTI duration
BS proc time 1.50 1.50 1.50
HARQ RTT (ms) 4.90 437 4.10 3.97 4.07 3.54 3.27 3.13 5.57 3.54 252 2.00
HARQ proc number 5 9 17 32 5 8 14 26 6 8 11 17
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ims 0.5ms | 0.25ms | 0.125ms ims 0.5ms | 0.25ms | 0.125ms ims 0.5ms | 0.25ms | 0.125ms
UL data TTI duration 1 0.5 0.25 0.125 1 0.5 0.25 0.125 1 0.5 0.25 0.125
BS proc time 3.00 1.50 0.84
DL HARQ-ACK 0.28 0.28 0.28
TTI duration
UE proc time 3.05 3.05 3.05
HARQ RTT (ms) 7.33 6.83 6.58 6.46 5.83 5.33 5.08 4.96 5.17 4.67 4.42 43
HARQ proc number 8 14 27 52 6 11 21 40 6 10 18 35
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uL UE proc time = 3.05ms UE proc time = 1.5ms UE proc time = 3 x UL data TTI

ims 0.5ms | 0.25ms | 0.125ms ims 0.5ms | 0.25ms | 0.125ms ims 0.5ms | 0.25ms | 0.125ms
UL data TTI duration 1 0.5 0.25 0.125 1 0.5 0.25 0.125 1 0.5 0.25 0.125
BS proc time 1.50 1.50 1.50
DL HARQ-ACK 0.28 0.28 0.28
TTI duration
UE proc time 3.05 1.50 3.00 1.50 0.75 0.375
HARQ RTT (ms) 5.83 5.33 5.08 4.96 5.83 5.33 5.08 4.96 5.78 3.78 2.78 2.28
HARQ proc number 6 11 21 40 5 8 15 28 6 8 12 19
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