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1	Introduction
This contribution relates to the open items on HARQ operation and the number of HARQ processes supported by 5G new radio (NR). The following agreements have been made in RAN1 #86 and #85 regarding HARQ operation and possible transmission time interval (TTI) durations:
Agreements: (RAN1 #86bis)
· Timing relationship between DL data reception and corresponding acknowledgement can be (one or more of, FFS which ones)
· dynamically indicated by L1 signaling (e.g., DCI)
· semi-statically indicated to a UE via higher layer
· a combination of indication by higher layers and dynamic L1 signaling (e.g., DCI)
· 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
· At least asynchronous and adaptive HARQ is supported for eMBB.
· NR supports at least UL transmission of at least single HARQ-ACK bit.
· Consider whether/how to support more than one HARQ-ACK bits per TB.
· The number of subcarriers per PRB is 12
· Sub-frame duration is fixed to 1ms
· Reference numerology for defining subframe duration is 15 kHz
· For SCS of up to 60kHz with NCP, y = 7 and 14
· FFS: whether/which to down select for certain SCS(s)
· For SCS of higher than 60kHz with NCP, y = 14

Agreements: (RAN1 #85)
· NR design should strive at least to enable the possibility for
· corresponding acknowledgement reporting shortly (in the order of X µs) after the end of the DL data transmission
· corresponding uplink data transmission shortly (in the order of Y µs) after reception of UL assignment
· Note: may depend on e.g. UE capability/category, payload size, etc.
· FFS: X and Y in the order of a few tens of or hundreds of micro sec is feasible
· Note: RAN1 will continue investigations about UE complexity, implementation processing time, interleaving applicability
· NR design should strive to enable the possibility for
· Corresponding retransmission shortly (in the order of Z µs) after the end of acknowledgement reporting
· FFS: Z in the order of a few tens of or hundreds of micro sec is feasible

Various parameters can influece the necessary soft buffer size for HARQ operation including the TTI duration, processing time at the UE and the gNB, fronthaul link delay from the baseband unit to the radio unit, targeted peak rate, etc. This contribution presents several observations and proposals regarding the minimum requirements for number of HARQ processes and baseband processing times in both UE and gNB for the 5G NR.

Section 2 discusses the problem of HARQ stalling; Section 3 discusses different parameters that influence the timing of HARQ process; and Section 4 concludes the contribution with a set of observation and proposal points.
2	Avoiding HARQ stalling by efficient number of HARQ processes
A minimum number of HARQ processes is necessary to be available in parallel in order to keep the channel utilized by transmitting packets continuously. Due to the round-trip time (RTT) of the HARQ operation, multiple HARQ processes are exploited in parallel to avoid HARQ stalling in technologies such as in LTE. The number of HARQ processes has impact on the necessary soft buffer size of the communicating nodes. 5G NR faces variety of enhancements over link operation as well as network implementations with respect to the current technology. Such enhancements introduce timing variabilities to the HARQ operation that will make it prone to HARQ stalling. Therefore, 5G NR shall carefuly study the requirements for UE and gNB processing time as well as the HARQ soft buffer size in order to best cope with the technology transition.
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Figure 1 - HARQ stalling as a result of insufficient number of SAW HARQ processes results in resource utilization inefficiency – red X represents wasted resources
· Observation 1: A minimum number of HARQ processes is needed to keep the channel utilized continuously. This number is affected directly by the HARQ RTT and has impact on the soft buffer size of the HARQ operation.
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]3	HARQ RTT
[bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: _GoBack]Timing of the HARQ process is naturally affected by several parameters. The HARQ RTT is shown in Fig. 1 and it represents the time duration from start of a transmission on a HARQ process until the next transmission (or retransmission) over the same HARQ process can be started. The processing time at the UE and the gNB baseband can affect the RTT by delaying the feedback transmission and (re)transmission in the HARQ process respectively. A very tight processing time requirement can enable transmission of the feedback over the same slot as proposed in [1] for self-contained operation. 
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Figure 2 - Timing parameters affecting the HARQ RTT
Different TTI sizes are agreed to be available in 5G NR including 14 symbols and 7 symbols long transmission intervals. Table 1 presents the RTT duration in a FDD scenario for both subframe and slot transmission intervals (1 ms and 0.5 ms respectively). It shows the effect of different processing time values on RTT and the resulting number of HARQ processes. We assume that processing at the gNB (Z µs) and UE (X µs) takes the same time. Further we assume in Table 1 that the same TTI size is used for transmission in both DL and UL directions. However as we will show later on in this contribution, transmission of the UL ACK/NACK in a time less than the TTI duration (e.g. over one or two OFDM symbols) with short enough Z (e.g. Z < TTI duration – feedback transmission duration) can help reduce HARQ RTT by one TTI.
	
	X , Z → 0 µs 
(hypothetical limit)
	0 µs < X , Z < 500 µs
	X , Z = 500 µs
	0.5 ms < X , Z < 1ms
	X , Z = 1ms

	0.5 ms TTI
	RTT: 1.5 ms
#HARQProc: 3
	RTT: 2 ms
#HARQProc: 4
	RTT: 2.5 ms
#HARQProc: 5
	RTT: 3 ms
#HARQProc: 6
	RTT: 3.5 ms
#HARQProc: 7

	1ms TTI
	RTT: 3 ms
#HARQProc: 3
	RTT: 4 ms
#HARQProc: 4
	RTT: 4 ms
#HARQProc: 4
	RTT: 4 ms
#HARQProc: 4
	RTT: 5 ms
#HARQProc: 5


 Table 1 - RTT and minimum required number of processes for zero fronthaul latency in case of full-TTI HARQ-ACK feedback transmission

· Observation 2: The HARQ round-trip time (RTT) is directly affected by the processing time and transmission time interval (TI). The minimum required number of HARQ processes also increase with the X and Z processing times
· Observation 3: In the cases of transmission with 0.5 ms and 1 ms TTI, given a X and Z value less than 500 µs, Both require 4 HARQ processes regardless of the TTI duration. (case of mini-slot FFS)
Given the above observations 5G NR shall carefully set the requirements for processing time in order to ease the way for configuring HARQ timing parameters and soft buffer size.
· Proposal 1: 5G NR shall define the maximum tolerable processing time for the UE and use a reasonable eNB processing time to define the number of HARQ processes.
The time delay over fronthal link from the radio unit to the baseband unit at the gNB in Fig. 1 can also influence the soft buffer size requirement for HARQ operation through increasing RTT duration. The 5G radio design shall be applicable for different RAN implementations, such as various C-RAN realizations. The latter include implementations with centralized baseband processing and fronthaul connections to remote radio units with certain latencies as depicted in Fig. 1 (see [2], [3], [4]). Different fronthaul implementations may have round-trip delay (RTD) of from sub-ms to ~6 ms [5]. This implies that the HARQ RTT can be increased by the fronthaul RTT affecting the minimum number of HARQ processes that need to be active to keep the channel utilized. In Table 2 the RTT and minimum number of processes is shown for different fronthaul round-trip delays (denoted by f-RTD) from 0 to 6 ms. We assume processing delays of 0 µs < X , Z < 500 µs (from the grey column in Table 1). 
Table 2 - RTT and minimum required number of HARQ processes for different fronthaul latencies
	
	f-RTD = 0 ms
	f-RTD = 1 ms
	f-RTD = 2 ms
	f-RTD = 4 ms
	f-RTD = 6 ms

	0.5 ms TTI
	RTT: 2 ms
#HARQProc: 4
	RTT: 3 ms
#HARQProc: 6
	RTT: 4 ms
#HARQProc: 8
	RTT: 6 ms
#HARQProc: 12
	RTT: 8 ms
#HARQProc: 16

	1 ms TTI
	RTT: 4 ms
#HARQProc: 4
	RTT: 5 ms
#HARQProc: 5
	RTT: 6 ms
#HARQProc: 6
	RTT: 8 ms
#HARQProc: 8
	RTT: 10 ms
#HARQProc: 10



· Observation 4: Fronthal latency can increase the RTT which may in return result in HARQ stalling.
· Observation 5: The timing of ACK/NACK’s and the number of HARQ processes shall be configurable to efficiently support for different network implementations (e.g. to account for L1-L2 latencies for C-RAN implementations). The range of timing values and the number of HARQ processes should be configurable to support the rount-trip fronthaul latency ranging from sub-ms to ~6 ms.
Furthermore, it is known that the HARQ ACK/NACK feedback in the UL can take different transmission time considering different coverage conditions [5]. In general, ACK/NACK transmission can take from a single symbol in good coverage scenarios up to a slot (or multiple slots) for coverage challenged UEs. Table 3 shows the variety of RTT and the number of HARQ processes caused by variable UL ACK/NACK transmission time (denoted by ). We assume a minimum of one symbol (~71 µs) and a maximum of 14 symbols (i.e., one subframe, 1 ms) duration for  respectively for good coverage and challenging coverage conditions. We further assume zero fronthaul lateny and set the processing times X and Z to be <500 µs for Table 3.
	
	= 71 µs
	= 142 µs
	= 500 µs
	= 1 ms

	0.5 ms TTI
	RTT: 2 ms
#HARQProc: 4
	RTT: 2 ms
#HARQProc: 4
	RTT: 2 ms
#HARQProc: 4
	RTT: 3 ms
#HARQProc: 3

	1 ms TTI
	RTT: 3 ms
#HARQProc: 3
	RTT: 3 ms
#HARQProc: 3
	RTT: 3 ms
#HARQProc: 3
	RTT: 4 ms
#HARQProc: 4


Table 3 - RTT and minimum required number of HARQ processes for zero fronthaul latency in case of shorter HARQ-ACK feedback transmission

In the case of UL feedback transmission time longer than the DL TTI (e.g., the red shaded cell in Table 3), HARQ stalling may happen because of the longer waiting time in the UL reception. In such cases solutions such as bundling ACK/NACK feedback of multiple SAW HARQ processes can help resolve the stalling and keep the channel utilized.
· Observation 6: Different transmission durations for HARQ-ACK feedback due to variable coverage conditions causes variability in the HARQ RTT and may result in HARQ stalling in coverage challenged conditions where DL TTI is shorter than UL feedback transmission time
Following the observations above on different parameters affecting HARQ timing we propose the following to be considered in 5G NR.
· Proposal 2: 5G NR shall define a typical minimum number of HARQ processes that considers the variety of RTT sizes in different timing scenarios.
· Proposal 3: The number of HARQ processes shall be supported by 5G NR to be configurable in order to support different deployment scenarios.
[bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK34][bookmark: OLE_LINK35]3	Conclusion
The contribution is concluded by summarizing the observations and the initial proposals for HARQ enhancements towards efficient handling of large transport block transmission, as follows:
· Observation 1: A minimum number of HARQ processes is needed to keep the channel utilized continuously. This number is affected directly by the HARQ RTT and has impact on the soft buffer size of the HARQ operation.
· Observation 2: The HARQ round-trip time (RTT) is directly affected by the processing time and transmission time interval (TI). The minimum required number of HARQ processes also increase with the X and Z processing times
· Observation 3: In the cases of transmission with 0.5 ms and 1 ms TTI, given a X and Z value less than 500 µs, Both require 4 HARQ processes regardless of the TTI duration. (case of mini-slot FFS)
· Observation 4: Fronthal latency can increase the RTT which may in return result in HARQ stalling.
· Observation 5: The timing of ACK/NACK’s and the number of HARQ processes shall be configurable to efficiently support for different network implementations (e.g. to account for L1-L2 latencies for C-RAN implementations). The range of timing values and the number of HARQ processes should be configurable to support the rount-trip fronthaul latency ranging from sub-ms to ~6 ms.
· Observation 6: Different transmission durations for HARQ-ACK feedback due to variable coverage conditions causes variability in the HARQ RTT and may result in HARQ stalling in coverage challenged conditions where DL TTI is shorter than UL feedback transmission time
· Proposal 1: 5G NR shall define the maximum tolerable processing time for the UE and use a reasonable eNB processing time to define the number of HARQ processes.
· Proposal 2: 5G NR shall define a typical minimum number of HARQ processes that considers the variety of RTT sizes in different timing scenarios.
· Proposal 3: The number of HARQ processes shall be supported by 5G NR to be configurable in order to support different deployment scenarios.
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