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1. Introduction
At the previous RAN1 meetings, following agreements were achieved [1] – [3].
	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
Agreements:
· A set of reference parameters is used for the purpose of soft buffer dimensioning
· A reference set of parameters includes at least DL HARQ RTT [Y ms] and data rate(s) of X Gbps 
· FFS: values of X and Y
· FFS: other conditions
· This does not imply UE has to have a HARQ-ACK timing based on the reference HARQ RTT
· FFS: how different UE categories are defined
· LBRM is taken into account
· Maximum number of HARQ processes per carrier supported in NR is 8 or 16 
· This is at least for the single numerology case and a slot-level scheduling and single-TRxP transmission
· FFS: down-selection of 8 or 16
· FFS: soft-buffer handling
· FFS: the value may be different depending on a certain condition (e.g., subcarrier spacing) 



In this contribution, maximum number of HARQ processes is discussed. 

2. Analysis on HARQ RTT and necessary number of HARQ processes
LTE adopts multiple stop-and-wait HARQ processes operating in parallel to make sure that one UE can achieve peak data rate of the given carrier with allowing reasonable processing time at BS and UE. 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. As for the processing time at BS and UE, 3 TTIs (3ms) is assumed. As a consequence, LTE supports at least following as the maximum number of HARQ processes:
For downlink:
· Max no. of DL HARQ processes for FDD and CA with FDD-PCell: 8
· Max no. of DL HARQ processes for TDD and CA with TDD-PCell: following tables
Table 1. Max no. of DL HARQ processes for TDD
	TDD UL/DL configuration
	Maximum number of HARQ processes

	0
	4

	1
	7

	2
	10

	3
	9

	4
	12

	5
	15

	6
	6



Table 2. Max no. of DL HARQ processes for FDD-TDD, primary cell FS2, and serving cell FS1
	DL-reference UL/DL
Configuration
	Maximum number of HARQ processes

	0
	10

	1
	11

	2
	12

	3
	15

	4
	16

	5
	16

	6
	12



For uplink:
· Max no. of DL HARQ processes for FDD and CA with FDD-PCell: 8
· Max no. of DL HARQ processes for TDD and CA with TDD-PCell: following table
Table 3. No. of synchronous UL HARQ processes for TDD
	TDD UL/DL configuration
	Number of HARQ processes
for normal HARQ operation
	Number of HARQ processes
for subframe bundling operation

	0
	7
	3

	1
	4
	2

	2
	2
	N/A

	3
	3
	N/A

	4
	2
	N/A

	5
	1
	N/A

	6
	6
	3



At the previous RAN1 meetings, for NR, it was agreed that the maximum number of HARQ processes for a carrier is 8 or 16. We consider the value should be 16, due to the following reasons:

1. Support of shorter TTI with reasonable processing time at BS and/or UE
Following tables describes necessary number of HARQ processes for a given TTI duration and BS/UE processing time. Here, it is assumed that gNB needs processing time of at least 3 TTIs. However, this is sometimes not sufficient because of certain fixed delays, e.g., front-haul propagation delay between BBU and RRH (5us/km and hence, e.g., for 30km, the delay is 150us), BBU-BBU interaction delay when multiple BBUs are used for accommodating the UE, etc. From the following tables, it can be said that even if the UE is capable of self-contained operation (HARQ-ACK feedback within the TTI where the DL data is scheduled), the necessary number of HARQ processes exceeds 8 especially when the TTI duration is shorter such as 0.125ms.
Table 4. Necessary number of HARQ processes for a given TTI duration and BS/UE processing times.
(a) UE processing time is assumed to be 3 TTIs
[image: ]
(b) UE processing time is assumed to be 1 TTI
[image: ]
(c) UE processing time is assumed to be 0 TTI (self-contained HARQ-ACK feedback)
[image: ]

2. Support of TDD operation
Above analysis is based on the assumption that HARQ-ACK feedback resource is always available in all the slots. This is true for FDD (and for TDD where UL control channel is always present at the end of each slot), but not for some other operational scenario. For example, it is possible for the network to utilize TDD carrier such that DL/UL transmission direction is switched per multiple slots. This resource usage is useful when the short-PUCCH is not enough due to coverage/capacity reasons. In this case, HARQ-ACK feedback timing is further delayed due to less available UL transmission resource. 
Besides, if the NR carrier is adjacent with TD-LTE carrier, the UL/DL transmission direction is further restricted by the configuration of the TD-LTE carrier. In this case, taking UL-DL configuration #2 as an example, if the NR carrier uses TTI = 0.5ms (e.g., SCS = 30kHz with 14-symbol slot or SCS = 15kHz with 7-symbol slot), 8 HARQ processes with continuous scheduling for achieving peak data rate of the carrier requires up to the processing time of one TTI duration (= 0.5ms) for both BS and UE (see Fig. 1). If the UL-DL configuration of TD-LTE carrier is #5, for the NR carrier with the aligned UL-DL transmission direction, 8 HARQ processes can no longer achieve the peak data rate of the carrier; 18 HARQ processes are necessary to achieve the peak data rate if the TTI = 0.5ms. Even if TTI = 1ms, for UL-DL configuration #5, 9 HARQ processes are necessary, with the assumption that the UE is able to transmit HARQ-ACK for UL slot right after the DL slots. In case more processing time is necessary, necessary number of HARQ processes becomes more.
[image: ]
Fig. 1	Adjacent operation of NR carrier and TD-LTE carrier w/ UL-DL configuration #2.

[image: ]
Fig. 2	Adjacent operation of NR carrier and TD-LTE carrier w/ UL-DL configuration #5.

Whether to support maximum number of HARQ processes 8 or 16 could impact on the following two aspects:
· Field size of HARQ process ID indicator in the DCI scheduling DL data
· Soft-buffer size and management
We consider that soft-buffer size and management can be decoupled from the discussion on the maximum number of HARQ processes supported for NR. This was already realized in LTE; in case of TDD, maximum number of HARQ processes is more than 8, but soft-buffer size is defined assuming that sufficient number of soft bits is available for up to 8 HARQ processes. With the assumption that maximum number of HARQ processes of the carrier is 16, necessary soft-buffer size could be determined based on the investigation/evaluation.
Proposals:
· Maximum number of HARQ processes for a given carrier supported for NR is 16.
· Note: Smaller value should be configurable.
· Soft-buffer size/management is discussed separately from the maximum number of HARQ processes for a given carrier.

3. Conclusion
In this contribution, we discussed maximum number of HARQ processes for NR, and made following proposals.
Proposals:
· Maximum number of HARQ processes for a given carrier supported for NR is 16.
· Note: Smaller value should be configurable.
· [bookmark: _GoBack]Soft-buffer size/management is discussed separately from the maximum number of HARQ processes for a given carrier.
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image3.emf
BS processing time = 3 TTIs BS processing time = max(2ms, 3 TTIs) BS processing time = max(1.5ms, 3 TTIs) BS processing time = max(1.0ms, 3 TTIs)

UE processing time = Self-contained UE processing time = Self-contained UE processing time = Self-contained UE processing time = Self-contained

TTI [ms] 1 0.5 0.25 0.125 1 0.5 0.25 0.125 1 0.5 0.25 0.125 1 0.5 0.25 0.125

UE proc. [ms] 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

ACK [ms] 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

BS proc. [ms] 3 1.5 0.75 0.375 3 2 2 2 3 1.5 1.5 1.5 3 1.5 1 1

RTT [ms] 4 2 1 0.5 4 2.5 2.25 2.125 4 2 1.75 1.625 4 2 1.25 1.125

Proc. No. 4 4 4 4 4 5 9 17 4 4 7 13 4 4 5 9
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image1.emf
BS processing time = 3 TTIs BS processing time = max(2ms, 3 TTIs) BS processing time = max(1.5ms, 3 TTIs) BS processing time = max(1.0ms, 3 TTIs)

UE processing time = 3 TTIs UE processing time = 3 TTIs UE processing time = 3 TTIs UE processing time = 3 TTIs

TTI [ms] 1 0.5 0.25 0.125 1 0.5 0.25 0.125 1 0.5 0.25 0.125 1 0.5 0.25 0.125

UE proc. [ms] 3 1.5 0.75 0.375 3 1.5 0.75 0.375 3 1.5 0.75 0.375 3 1.5 0.75 0.375

ACK [ms] 1 0.5 0.25 0.125 1 0.5 0.25 0.125 1 0.5 0.25 0.125 1 0.5 0.25 0.125

BS proc. [ms] 3 1.5 0.75 0.375 3 2 2 2 3 1.5 1.5 1.5 3 1.5 1 1

RTT [ms] 8 4 2 1 8 4.5 3.25 2.625 8 4 2.75 2.125 8 4 2.25 1.625

Proc. No. 8 8 8 8 8 9 13 21 8 8 11 17 8 8 9 13


image2.emf
BS processing time = 3 TTIs BS processing time = max(2ms, 3 TTIs) BS processing time = max(1.5ms, 3 TTIs) BS processing time = max(1.0ms, 3 TTIs)

UE processing time = 1 TTI UE processing time = 1 TTI UE processing time = 1 TTI UE processing time = 1 TTI

TTI [ms] 1 0.5 0.25 0.125 1 0.5 0.25 0.125 1 0.5 0.25 0.125 1 0.5 0.25 0.125

UE proc. [ms] 1 0.5 0.25 0.125 1 0.5 0.25 0.125 1 0.5 0.25 0.125 1 0.5 0.25 0.125

ACK [ms] 1 0.5 0.25 0.125 1 0.5 0.25 0.125 1 0.5 0.25 0.125 1 0.5 0.25 0.125

BS proc. [ms] 3 1.5 0.75 0.375 3 2 2 2 3 1.5 1.5 1.5 3 1.5 1 1

RTT [ms] 6 3 1.5 0.75 6 3.5 2.75 2.375 6 3 2.25 1.875 6 3 1.75 1.375

Proc. No. 6 6 6 6 6 7 11 19 6 6 9 15 6 6 7 11


