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1 Introduction
Though RAN1 agreed on use of repetitions for NR-PUSCH on UL in RAN1#88 [1], detailed aspects such as number of repetitions are FFS. There has been no RAN1 agreement on use of repetitions for NR-PDSCH on DL. RAN1 agreed asynchronous and adaptive HARQ is supported for DL in RAN1#87.  RAN1#NR AH Jan17 made the following agreements on NR-PDCCH

· To ensure the reliability requirement of NR-PDCCH for URLLC, at least the following aspects should be supported
· Defining a compact DCI format  targeting low BLER operation 
· The highest aggregation level should target a BLER of Y for this compact DCI format
· FFS  Y, Y<1% 
· FFS highest  aggregation levels, e.g., 16,32
· FFS other enhancements 
The URLLC reliability target for general case is 99.999% with a User Plane latency of 1 ms;  The URLLC requirements for very low latency is 0.5ms for UL, and 0.5ms for DL [2]. In [3], it was observed that URLLC User Plane latency requirement can be met with a less demanding BLER target for 1st data transmission with new numerology and two-shot data transmission.  The control and feedback channels need to meet reliability targets noticeably more stringent than that of 1st data transmission. This contribution aims to develop the HARQ analysis for URLLC presented in [3], and make some new proposals for enhancements of HARQ targeting URLLC.
2 HARQ Procedure for URLLC 
URLLC high usage of resources in order to guarantee the latency and reliability is a concern. As was shown in [3], achieving the reliability requirement of 99.999% with a single HARQ transmission is feasible, but is rather inefficient in terms of downlink resources usage. High level of repetitions on NR-PDSCH will be needed, and also high level of aggregations to ensure L1 signalling can be decoded successfully with reliability lower than 99.999% before data reception can proceed.

Furthermore, in order to receive a packet with a high success probability, a device must be able to receive reliably both the data transmitted on the PDSCH and the associated control signalling for data transmission resource assignment on NR-PDCCH. A device may transmit HARQ feedback and further needs to receive reliably associated control signalling for HARQ re-transmission assuming asynchronous HARQ operations. 
On the other hand, the LTE legacy HARQ design targets reliability of ~99.9% [4] with much less stringent latency requirement than URLLC. Therefore it becomes clear that the HARQ for URLLC will need significant improvements to meet the latency requirement of 0.5ms and the associated reliability requirement.

In the following we will consider both HARQ with and without soft combining and evaluate their advantages and drawbacks. Given the latency required for URLLC, we only consider maximum 2-steps HARQ as proposed in [3]. In figure 1 both HARQ with and without soft combining are illustrated:
· In figure 1, (a) describes the HARQ operation when soft combining is applied. The 1-step HARQ terminates if ACK is received following 1st data transmission; otherwise if NACK is received 2-step HARQ terminates if ACK is received following 2nd data transmission. If NACK is received following 2nd transmission, further retransmissions may be required, however latency requirement may not be met.
· In figure 1, (b) describes the HARQ operation without soft combining. 1-step HARQ also terminates if ACK is received following 1st data transmission; otherwise if ACK is not received 2-step HARQ terminates if ACK is received following 2nd data transmission. If no ACK is received following 2nd transmission, further retransmissions may be required, however latency requirement may not be met.
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Fig. 1: (a) HARQ with soft combining; (b) HARQ without soft combining.
Legacy HARQ uses HARQ combining of failed past data transmissions with current data transmission on NR-PDSCH. The UE first needs to decode successfully the DL assignment in DCI on NR-PDCCH. If it cannot, the UE will not be able to detect NR-PDSCH and will not be able to send NACK as it is unaware there was data scheduled on NR-PDSCH. The UE cannot store failed data transmission in HARQ buffer for HARQ soft combining. Subsequently, the eNB cannot re-transmit data if it does not receive NACK from UE following data transmission.
The NR HARQ design for URLLC may consider not using soft combining. The main difference with legacy HARQ is that if there is failure of control signalling (i.e. assignment in DCI on NR-PDCCH, or ACK feedback on NR-PUCCH or NR-PUSCH), eNB will re-transmit data. Not using soft combining for URLLC HARQ removes the need for feedback NACK transmission and relaxes the reliability requirements for the control signalling since a reception success probability similar to that of the data is sufficient to meet the overall reliability requirements.
Observation 1: For URLLC the HARQ procedure may consider both the use or not of soft buffer combining.
Observation 2: URLLC HARQ design with no soft combining allows for a relaxation in the reliability requirements for control channels carrying DCI and does not require DL HARQ NACK feedback.
3 Asymmetric HARQ Schemes 
Legacy HARQ work by targeting 10% BLER for 1st Transmission. In case the 1st transmission fails, the retransmission carries a similar amount of redundancy to the 1st transmission. The receiver combines the soft information of both transmissions and proceed with the decoding. This process continues allowing to build gradually the soft buffer LLR quality until the packet is received or the maximum number of HARQ retransmission is reached. Given the maximum 2-steps HARQ that can be used for URLLC, legacy HARQ has a limited number of steps to build enough redundancy in order to guarantee the required reliability without leading to excessive resource usage.

We propose to use an asymmetric HARQ scheme for the NR HARQ targeting URLLC. The aim of introducing the asymmetric scheme is to design the 1st and 2nd transmission to achieve better compromise between latency/reliability requirements and resource usage efficiency.
Figure 2 (a) illustrates the legacy HARQ using identical number of fixed repetitions in 1st data transmission and 2nd data transmission. Figure 2 (b) and (c) illustrate the NR HARQ using asymmetric number of repetitions in 1st data transmission and 2nd data transmission with and without the use of soft combining.
With the proposed asymmetric HARQ, the 1st data transmission aims to achieve better efficiency with a number of fixed repetitions N1 sufficient to ensure a large number of UEs can detect NR-PDSCH and send DL data packet ACK to gNB. If the 1st data transmission fails, the 2nd data transmission is scheduled with a larger number of repetitions N2 to improve reliability within the required latency. When soft combining is used, both HARQ transmissions are combined in the UE. If no soft combining is used, the UE may process the 2nd data transmission as a new data transmission without HARQ soft combining with the 1st Data transmission. Some loss in performance may be expected by not using HARQ combining. This could still be an acceptable compromise providing higher gNB scheduler flexibility, simpler HARQ operations, lower NR-PDCCH reliability requirement and a reduced reliance on feedback channels to indicate NACK.
Observation 3: Asymmetric HARQ may not require HARQ buffering of 1st NR-PDSCH transmission to allow higher gNB scheduler flexibility, simpler HARQ operations, lower NR-PDCCH reliability requirement and less reliance on feedback channels to indicate NACK.
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Fig. 2: (a) Legacy HARQ; (b) Asymmetric HARQ with soft combining; (c) Asymmetric HARQ without soft combining
The derivations to estimate the normalised average use of DL data resource over 2 data transmissions with regard to 1 data transmission can be summarised as:
· For 2-step asymmetric HARQ: S2/S1  = N1/N + N2/N x Pe1Tx 
S1 (resp. S2) denotes the average number of resources required for 1-step HARQ (resp. 2-Step HARQ). N is the number of fixed repetitions required to meet the reliability (i.e. target BLER): S1= N since the reliability has to be met within a single transmission for 1-step HARQ. N1 (resp. N2) denotes the number of fixed repetitions in the 1st transmission (resp. 2nd transmission) of the 2-step HARQ. Pe1Tx is the probability of failure of the 1st transmission.
4 Simulations
The performance of the Asymmetric HARQ with soft combining, Asymmetric HARQ without soft combining, and legacy HARQ was simulated with new NR numerology for URLLC - Sub-Carrier Spacing =60k Hz, TTI = 0.125ms (1 slot, 7 symbols, CP=125us). The 1st symbol is used for control / reference signal. Control overhead and RS Overhead is about 14.28% (1/7), with 6 symbols used for data. A tail-biting convolutional code with 1/3 mother code, accumulated codes rates lower than 1/3 [1/3, 1/6, 1/9, 1/12,…] were achieved using repetitions in the frequency domain.
In Figure 3, a single tap Rayleigh fading channel with 2 transmit antennas (2-Tx) and 2 receive antennas (2-Rx) was simulated.  In this case, a resource saving of 89% can be achieved using asymmetric 2-step HARQ when compared to 1 step HARQ. At SNR =-3.1dB, accumulated code rate r =1/120 achieves 3.4 10-6 BLER. The corresponding best ratio of fixed repetitions for 1st and 2nd data transmission N1/N lies in the interval [0.075 to 0.1 ] and corresponds to 1st data transmission code rates r = 1/9 to r=1/12. Asymmetric HARQ with/without soft combining uses 1/5 of the resources consumed by legacy HARQ over 2 data transmissions (i.e. about 10% and 50% resource utilization respectively compared to 1 step HARQ). The best 1st data transmission BLER target for asymmetric HARQ is in the interval 1.5% to 3%.
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Fig. 3 Asymmetric HARQ performance in single-tap Rayleigh fading
In Figure 4, the performance for the EPA 5Hz channel with 1Tx-2Rx configuration is presented. At SNR =-4.9dB, the accumulated code rate r =1/36 achieves 1.4 10-5 BLER. The best ratio of fixed repetitions N1/N of 0.33 corresponds to 1st data transmission code rate r = 1/12. The resource saving achieved by Asymmetric HARQ with soft-combining is 64% and exceeds the 50% resource saving achieved by legacy HARQ. The resource saving achieved by Asymmetric HARQ without soft combining is only marginally smaller at 62% and still exceeds that achieved by legacy HARQ. The 1st data transmission BLER target is equal to 5%. 
In Figure 5, the performance for the EPA 5Hz channel with 2Tx-2Rx configuration is presented. At SNR =-6.9dB, the accumulated code rate r =1/36 achieves 1.36 10-6 BLER. The best ratio of fixed repetitions N1/N of 0.33 corresponds to 1st data transmission code rate r = 1/12. The resource saving is 61% for Asymmetric HARQ with soft combining and 58% for Asymmetric HARQ without soft combining.  For both Asymmetric HARQ configurations, it exceeds the 50% resource saving achieved by legacy HARQ. The 1st data transmission BLER target is equal to 10%.
Based on these simulation results, it can be concluded that Asymmetric HARQ provides significant resource savings compared to legacy HARQ.

Observation 4: Asymmetric HARQ provides significant resource savings compared to legacy HARQ.
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Fig. 4 Asymmetric HARQ performance in EPA 5Hz, 1Tx-2Rx
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Fig. 5 Asymmetric HARQ performance in EPA 5Hz, 2Tx-2Rx
Based on the analysis and observations, we make the following proposals for NR HARQ design for URLLC:
Proposal 1: URLLC Latency and Resource Usage should be taken in account when designing the HARQ procedure for URLLC.
Proposal 2: Control Channel overhead considerations should be taken in account in the design of the HARQ procedure for URLLC.
Proposal 3: Asymmetric HARQ procedures with and without soft combining for URLLC are for further study.
Proposal 4: Asymmetric HARQ can be considered as an alternative to the legacy HARQ based for URLLC.
5 Conclusion
In this contribution, we provided an evaluation and an analysis of NR HARQ schemes for URLLC. The following observations and proposals are given for consideration.

Observation 1: For URLLC the HARQ procedure may consider both the use or not of soft buffer combining.

Observation 2: URLLC HARQ design with no soft combining allows for a relaxation in the reliability requirements for control channels carrying DCI and does not require DL HARQ NACK feedback.
Observation 3: Asymmetric HARQ may not require HARQ buffering of 1st NR-PDSCH transmission to allow higher gNB scheduler flexibility, simpler HARQ operations, lower NR-PDCCH reliability requirement and less reliance on feedback channels to indicate NACK.

Observation 4: Asymmetric HARQ provides significant resource savings compared to legacy HARQ.

Proposal 1: URLLC Latency and Resource Usage should be taken in account when designing the HARQ procedure for URLLC.
Proposal 2: Control Channel overhead considerations should be taken in account in the design of the HARQ procedure for URLLC.
Proposal 3: Asymmetric HARQ procedures with and without soft combining for URLLC are for further study.
Proposal 4: Asymmetric HARQ can be considered as an alternative to the legacy HARQ based for URLLC.
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