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1 Introduction

In the previous RAN1 WG meetings, the frame structure and numerology of NR was discussed. The agreements regarding basic time structures were reached where URLLC scheduling was assumed to be served by mini-slots.

In this contribution, we discuss the feasibility and design aspects of HARQ procedure for URLLC services. The other considerations regarding URLLC may be found in our companion contributions [1]-[4].
2 Discussion on URLLC HARQ
According to the general target KPIs listed in [5], URLLC services should provide very low latency and very high reliability of transmissions in the same time. In particular, the 99.999% reliability within 1 ms latency needs to be achieved. Moreover, these requirements are not the most stringent, and even more reliable and lower latency transmissions are demanded in some use cases such as industrial automation and control [6].
In LTE, the reliability of transmissions was mainly controlled by a multi-layer mechanism of acknowledgements and retransmissions, which may introduce substantial latency to overall transaction time. Obviously, URLLC requires a different approach since there is a strict latency bound which is in the order of magnitude lower than the LTE latency. Thus, the physical layer reliability becomes the dominant factor of reliability mechanisms.
In general, multiple transmission parameters (bandwidth, power, transmission duration, modulation) may be selected to hit the reliability target from the single transmission thus providing the minimum number of transmission steps and therefore the minimum latency. However, it may be easily shown that such one-shot scheme is less spectrum efficient than HARQ-based transmission, where the reliability target is achieved by more than one transmission assuming the HARQ feedback is reliable and does not consume much resources.
The discussion may be different for DL and UL because of essentially different mechanisms of resource scheduling. Both cases are discussed separately below.

2.1 DL Scheduling and HARQ
In DL direction, there are two general approaches for scheduling:

· Dynamic scheduling. The DL transmission contains a control channel and a shared channel. Control channel carries the parameters needed to receive the shared channel.
· Semi-persistent scheduling (i.e. pre-scheduling). The DL transmission contains shared channel within pre-scheduled resources with known parameters. This type of scheduling is usually used for periodic transmissions, such as VoIP traffic.
For URLLC, the both types of scheduling can be considered since different URLLC services may be characterized by either periodic or aperiodic/sporadic traffic. In order to get insight on the suitable scheduling mechanism for URLLC, we first analyze the sources of errors for different types of scheduling and HARQ, and assume the following components of successful reception probability (also illustrated in Figure 1):

· PC – probability to successfully receive control channel,
· PD1 – probability to successfully receive data from the first transmission,
· PN – probability to successfully receive NACK,
· PDTX – probability to detect that there is no feedback, i.e. assume the UE has not received the control channel,
· PD2 – probability to successfully receive data from two transmissions.
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Figure 1. Main sources of errors for DL transmission.

Dynamic DL Scheduling

In case of dynamic scheduling, initial transmission is accompanied with a control channel. Additionally, in case of retransmission, the control channel may present if adaptive retransmission is used.
· One-shot reception probability:
· Dynamic scheduling:
P = PC·PD1,
· One-shot transmission requires control and data be more reliable than the target reliability e.g., PC = PD1 = 99.9995% to achieve P = 99.999%.
· Two-shot reception probability:
· Asynchronous HARQ (retransmission is sent with separate control and new transmission parameters)
P = PC·PD1 + (1–PC)·PDTX·PC·PD1 + PC·(1–PD1)·PN·PC·PD2 = 
= PC·{PD1 + (1–PC)·PDTX·PD1 + (1–PD1)·PN·PC·PD2a},
· Synchronous HARQ (retransmission is sent w/o control with known transmission parameters)
P = PC·PD1 + (1–PC)·PDTX·PC·PD1 + PC·(1–PD1)·PN·PD2 =

= PC·{PD1 + (1–PC)·PDTX·PD1 + (1–PD1)·PN·PD2},
· Assuming there is no error in control and feedback channels (i.e. if PC = PN = PDTX = 1), and assuming the two-shot data reception error is X times lower than the initial transmission error (i.e. PD2 = 1 – (1–PD1)/X) then to achieve overall P = 99.999% the following is hold:

· PD1(X = 1) = 99.7%,
· PD1(X = 10) = 99%,
· PD1(X = 100) = 97%.
· That is, usage of HARQ retransmissions may allow to use less spectrum for the initial transmission. Therefore, for example in case of X = 10, the initial transmission will be received with 99% probability, i.e. only for 1% of transmissions the retransmissions will be triggered, consuming additional resources.
· Control channel reception reliability PC is a common multiplier in all cases and thus it should always exceed the target reliability.
· The NACK detection probability directly affects the resulting reliability.

Semi-persistent DL scheduling

In case of semi-persistent scheduling, the activation of resources is assumed to be made outside of the user plane latency and thus its reliability may be excluded from the sources of errors.

· One-shot reception probability:

P = PD1,
· Two-shot reception probability:
· Synchronous HARQ

P = PD1 + (1–PD1)·(PN+PDTX)·PD2,
· Asynchronous HARQ

P = PD1 + (1–PD1)·(PN+PDTX)·PC·PD2a,

It should be noted, that although different schemes have different number of error sources, each scheme may achieve different error probability for each of the error component due to different transmission parameters assignment, spectrum available, collision probability, overhead and so on. 
2.2 UL Scheduling and HARQ
Since there is a strict latency bound for the whole URLLC transaction, first, some traditional sources of latency may be excluded. In LTE, there is a procedure of BSR that follows after SR transmission. It is assumed, that eNB allocates first grant to at least carry the short BSR MAC CE. After reporting the BSR, the eNB may further update the next grant to accommodate the actual UE traffic needs. Obviously, such number of steps to transmit the low latency data may be unacceptable. Therefore, the BSR procedure may either be assumed out of the target user plane latency or be enhanced in NR for the case of scheduled UL transmission so the first grant after the SR suits well to the prepared UL transmission in terms of both latency and reliability.
Additionally, a kind of grant-free/autonomous/contention-based UL transmission may be assumed to remove the latency concerned with the steps of SR/Grant/BSR. This was also discussed during the SI on latency reduction [7]. More details on the scheduling aspects may be found in our companion contribution [8]. In this section, we assume both dynamic scheduling and pre-scheduling, where BSR step is not included into the overall user plane latency, i.e. the grant perfectly suits for the URLLC transmission.

Similar to the DL discussion, we assume the following components of error probability:
· PSR – probability to successfully receive URLLC scheduling request,
· PC – probability to successfully receive scheduling grant control channel,
· PD1 – probability to successfully receive data from the first transmission,
· PN – probability to successfully receive NACK,
· PD2 – probability to successfully receive data from two transmissions.
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Figure 2. Main sources of errors for UL transmission.
Dynamic UL Scheduling

In case of dynamic scheduling, each initial transmission is scheduled by a control channel. Additionally, in case of retransmission, the control channel may present if the asynchronous scheduling is used. Although the latency still consists of at least three steps, the benefits of such traditional scheduling may be extracted in case the latency budget can accommodate those.
· One-shot reception probability:

· Dynamic scheduling:
P = PSR·PC·PD1,
· One-shot transmission requires SR, control and data be more reliable than the target reliability e.g. for P = 99.999%, PSR = PC = PD1 = 99.99967%. If PD1 = 99.9995% (as for DL one-shot) then PSR = PC = 99.99975%.
· Two-shot reception probability:

· Asynchronous HARQ (retransmission is sent with separate control and new transmission parameters)
P = PSR·PC·PD1 + PSR·PC·(1–PD1)·PN·PC·PD2 =
= PC·PSR·{PD1 + (1–PD1)·PN·PC·PD2a},
· Synchronous HARQ (retransmission is sent w/o control with known transmission parameters)
P = PSR·PC·PD1 + PSR·PC·(1–PD1)·PN·PD2 =

= PC·PSR·{PD1 + (1–PD1)·PN·PD2},

· Similar observations could be made for scheduled UL modes as for the DL with the difference that SR step is included and the product of PC and PSR should be more reliable than the target reliability.
Semi-persistent UL scheduling
Since the semi-persistent scheduling assumes no control is needed to decode the data, the sources of errors are the same as for the DL case. However, for some variants of grant-free UL transmissions, there may be a control message preceding the data transmission, therefore in this case both control and data should exceed the target reliability.
Observation 1

· Control channel reliability should exceed the target reliability in all dynamic scheduling scenarios.

· HARQ mechanism provides relaxed reliability targets for shared channel transmissions.

· Synchronous HARQ requires lower control channel reliability than asynchronous HARQ.
· Pre-scheduled transmission does not depend on control channel reliability.

· Reliability of NACK feedback detection directly affects HARQ efficiency.

2.3 HARQ Timelines and Latency
In order to extract the efficiency gains from HARQ, the HARQ timeline and round trip time should satisfy the target latency, e.g. 0.5-1 ms. Therefore, the frame structure should support such fast feedbacks and retransmissions. This may be possible due to shrinking all the durations when applying short mini-slot lengths. However, there may be some cell configurations which cannot support very small RTT and therefore there is no sense to allow HARQ for the small latencies.
2.4 One-shot Transmission to Multi-shot HARQ Switching
Although, it was shown that HARQ provides more spectrum efficient operation for a given data rate and reliability, there may be cases, when HARQ should not be used. This is mainly imposed by the constrained latency budget, i.e., there is no time to perform transmission and wait for a feedback to retransmit the data in case of failure due to:

· A UE has channel quality conditions which require a long transmission duration to achieve the target BLER even if it would be scheduled in the nearest scheduling opportunity without queuing delay or,
· Scheduling of a UE was delayed and the remaining latency budget only suits for a single transmission.

Additionally, there are cases when the ACK/NACK feedback may be unreliable and therefore, the gains from HARQ may lost. For example, such situation may happen when a UE is in normal DL coverage but in limited UL coverage (that is a likely situation as shown in [1]) and therefore the link budget of UL PUSCH/PUCCH carrying ACK/NACK feedback transmission may not be sufficient to extract the HARQ efficiency gains.

In summary, the situations when HARQ is not efficient may be detected by TRP/network and may be handled by either semi-static configuration or by dynamic on/off in UE-specific manner.
Observation 2

· There are cases when HARQ may not be efficient for URLLC due to constrained latency budget.

2.5 Evaluation Results

To prove the observations of benefits of HARQ, we conducted preliminary system-level evaluations based on the Urban Macro evaluation assumptions proposed in our companion contribution [2]. In Figure 3, a CDF of DL UE link PER is shown. The two different cell loads are checked (0.4 Mbps and 4 Mbps) for the 60 kHz, 7 symbols mini-slots configuration both in presence of inter-cell interference and w/o interference. The reliability of 99.9% (10-3 PER) and 0.5 latency are targeted for comparative analysis. For the case of no HARQ, the MCS is selected to achieve the target reliability of 10-3 from one shot. For the case of enabled HARQ, the MCS is assigned based on 10-1 BLER.
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Figure 3. URLLC UE packet error rate CDF.
Observation 3

· HARQ is always beneficial in terms of URLLC capacity in all evaluated cases.

· In interference limited scenarios, HARQ provides substantial gains due to recovery from inter-cell interference.

Based on the preliminary analysis and discussion, we have the following proposal.
Proposal
· The HARQ support is considered for URLLC services.
· Further study impact from different error sources on URLLC UEs with enabled HARQ operation.
3 Conclusions

In this contribution we discussed the HARQ aspects for URLLC. Base on the presented discussion and evaluation results, we have the following proposal:
Proposal
· The HARQ support is considered for URLLC services.
· Further study impact from different error sources on URLLC UEs with enabled HARQ operation.
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