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1. Introduction
RAN#71 approved a SI for study on New RAT (NR, also known as 5G) [1] where the objectives states “(3) Initial work of the study item should allocate high priority on gaining a common understanding on what is required in terms of radio protocol structure and architecture”.
In this contribution we clarify various aspects of HARQ operation for NR and their dependencies with other WGs with the objective of gaining a common understanding. 
Note that as RAN1 does not have study of channel structure and physical procedures e.g., scheduling on their agenda until later this year, RAN2 can start early discussion for different possibilities making some working assumptions on RAN1 specific topics when possible and then make final decisions only after RAN1 discussion has concluded.
2. Discussion
2.1 General
According to the LTE MAC specification [2], among others, the following function is supported by the MAC sublayer:

-
error correction through HARQ;

When designing error correction using HARQ for NR, common understanding with RAN1 is required in most of the aspects as it has significant dependencies to PHY layer and RAN1 input. 

Observation 1. The HARQ functionality has significant dependencies to PHY layer and RAN1 input.

2.2 Asynchronous HARQ

In the RAN1#85 meeting, following agreement was made [3].
	Agreement: NR should support at least asynchronous hybrid ARQ in the DL and UL to avoid fixed timing relationship between initial transmission and re-transmission


In LTE, while the DL HARQ is asynchronous, the UL HARQ is primarily synchronous except for a few Rel-13/14 features which support asynchronous UL HARQ e.g., eMTC, LAA and NB-IoT. Asynchronous UL HARQ does not require the resources for retransmissions to be reserved. It can also support variable RTT and potentially larger number of HARQ processes than currently supported in LTE. Since the retransmission grants have to be explicitly signaled in case of asynchronous HARQ, the retransmissions in LTE asynchronous HARQ are based on adaptive retransmissions. Following a similar principal, from RAN2 point of view, we can assume that NR asynchronous HARQ should be based on adaptive retransmissions. The associated PDCCH overhead due to explicit PDCCH signaling for retransmission resources and possible PDCCH optimizations is outside of RAN2 scope and may be studied and decided by RAN1.
Proposal 1. NR should support asynchronous and adaptive HARQ in the DL and UL.

It is reasonable to assume that, similar to asynchronous UL HARQ in LTE, the UL grants in NR should signal HARQ process ID and NDI. As such, the LTE asynchronous UL HARQ design can be largely reused in NR HARQ design. 
Proposal 2. LTE asynchronous HARQ in UL and DL can be taken as baseline.

Similar to LTE, there can be one HARQ entity in NR for a MAC entity which can maintain a number of parallel HARQ processes. Each HARQ process can be identified by the HARQ process ID. 
However, there may be some additional aspects. For example, if and when UL padding transmission skipping is allowed, the network may not be aware of the loss of first PUSCH transmission (it may assume that the UL grant was skipped) and therefore UE may need to go through new SR process to get UL grant for retransmission. On the other hand, if the UL grant is intentionally skipped by the UE, the network may assume that the UL transmission failed and provide a retransmission grant (e.g., with NDI bit not toggled) which may be wasted. 
The number of HARQ processes that a UE can support may be different for different UEs as it depends on HARQ RTT, supported PHY configurations, targeted verticals etc. It is mostly RAN1 issue as it also affects design of HARQ buffer. RAN2 does not need to know exact values of number of HARQ processes (in LTE specifications, the MAC specification refers to RAN1 spec for the number of parallel HARQ processes per HARQ entity). The network should be made aware of the number of HARQ processes supported by a UE. It can be discussed further how exactly this capability is indicated to the network, for example, this capability is explicitly singled, or implicitly known to the network based on other information such as PHY and MAC configuration capabilities.
Therefore, further enhancements for asynchronous HARQ operation can be considered.
Observation 2. Further enhancements to asynchronous HARQ procedure can be considered.

Observation 3. The number of HARQ processes that UEs can support may be different due to more diverse use cases and PHY design.
Observation 4. RAN2 designs on HARQ procedure can progress without the knowledge of exact number of HARQ processes.
2.3 Asynchronous vs Synchronous Retransmissions

2.3.1 PDCCH Signaling Overhead

In asynchronous HARQ, PDCCH load may be a bottleneck as all the UL grants for retransmissions will need to be explicitly allocated. Additionally, the requirement of explicit signaling for retransmissions resources may result in increased complexity and delay compared to non-adaptive synchronous retransmissions. Therefore, in some scenarios other verticals such as URLLC may benefit in terms of decreased delay and complexity by using synchronous UL HARQ. 
2.3.2 HARQ Timing and RTT

While HARQ Timing and RTT are not in the scope of RAN2, some of the RAN2 designs such as scheduling, UL grant reception etc. depend on this. RTT may depend on the minimum processing time between the reception of grant by the UE and subsequent UL transmission. It is likely that variable HARQ RTT would be needed to meet the varying service requirements and different front-haul delays. This will introduce additional challenges to synchronous HARQ design.
Observation 5. Synchronous HARQ operation for variable HARQ RTT can be challenging.

To enable possibility of dynamically changing HARQ RTT for each new transmission and its subsequent retransmissions, asynchronous HARQ operation can be used.
In addition, it is reasonable to assume that various PHY configuration enabling possibilities for different TTI values will be supported by RAN1 in NR. In that case, if synchronous HARQ is to be supported, RAN2 may need to discuss and decide on prioritization of transmissions if the HARQ retransmission instants coincide with each other (e.g., new transmission or retransmission of one type of traffic over another).

2.3.3 TDD Support

The design of TDD operation is RAN1 scope and as such the HARQ procedure for TDD largely depends on RAN1 decision on frame/subframe structures. RAN1 may be considering frame structures to support dynamic TDD, i.e., a particular subframe can be dynamically considered as a UL or a DL subframe. In such case, if synchronous HARQ is to be supported, it is likely that a synchronous UL retransmission instant can fall on a DL subframe. This means that a fully dynamic TDD operation may not be possible while supporting synchronous HARQ operation. 
Observation 6. Synchronous HARQ operation for dynamic TDD can bring additional challenges.
While the above discussions apply to both DL and UL operations, the impact on UL operation may be higher as it also depends on the design of the UL grants. Therefore, if synchronous HARQ with variable RTT, different TTI durations, and/or dynamic TDD is to be supported, RAN2 needs to discuss and decide on how the transmissions will be prioritized when various types of new and retransmission instants may coincide. 

Observation 7. If synchronous HARQ is to be supported, RAN2 will need to decide on how the transmissions will be prioritized when various types of new and retransmission instants may coincide due to variable HARQ RTT, different TTI durations, and dynamic TDD.
2.3.4 HARQ ACK/NACK

In LTE, the synchronous non-adaptive HARQ retransmission operation depends on the HARQ ACK/NACK feedback. It is assumed that HARQ feedback of a transmission in a particular subframe is transmitted in a different subframe after a predefined delay. Therefore, synchronous HARQ retransmission in LTE has a fixed delay from the initial transmission.

In NR, how to signal ACK/NACK information depends on the physical channels (e.g., equivalents of LTE PHICH and PUCCH) and frame structure(s) to be defined by RAN1. RAN1 could design the NR frame structure(s) such that the downlink monitoring channel, UL/DL data channel and uplink control channel could be accommodated within a subframe. In this case, the HARQ design would need to support fast HARQ retransmissions considering various physical channel configurations. Additionally, if such designs are to be supported by RAN1, ACK/NACK feedback for DL transmissions is unlikely to be supported. 
Observation 8. HARQ ACK/NACK feedback availability and timing are impacted by the design of physical channels and frame structure at PHY layer.
2.3.5 Summary

Based on the above, while synchronous UL HARQ for NR may have some advantages in certain use cases and scenarios, it also brings multiple challenges and design complexities. Although a trade-off analysis on pain versus gain (e.g., control channel signaling overhead, complexity, efficiency of retransmissions, delay etc.) is needed to be taken into account, that is outside of RAN2 scope. If synchronous UL HARQ is supported, there is possibility of supporting non-adaptive retransmissions similar to LTE. Therefore, while synchronous as well as non-adaptive HARQ should not be precluded at this stage, the added complexity and challenges of synchronous HARQ needs to be justified if it is to be supported.
Proposal 3. If synchronous HARQ retransmissions are to be supported in addition to asynchronous HARQ retransmissions, the use case scenarios vs added complexity and challenges should be justified.

3. Conclusions
Based on the above discussion, we observe that while the design of HARQ in NR is highly dependent on RAN1 decisions and progress, there are certain areas where RAN2 can progress on its own. RAN2 should try to make progress on such areas.
3.1 Observations
Observation 1.
The HARQ functionality has significant dependencies to PHY layer and RAN1 input.
Observation 2.
Further enhancements to asynchronous HARQ procedure can be considered.
Observation 3.
The number of HARQ processes that UEs can support may be different due to more diverse use cases and PHY design.
Observation 4.
RAN2 designs on HARQ procedure can progress without the knowledge of exact number of HARQ processes.
Observation 5.
Synchronous HARQ operation for variable HARQ RTT can be challenging.
Observation 6.
Synchronous HARQ operation for dynamic TDD can bring additional challenges.
Observation 7.
If synchronous HARQ is to be supported, RAN2 will need to decide on how the transmissions will be prioritized when various types of new and retransmission instants may coincide due to variable HARQ RTT, different TTI durations, and dynamic TDD.
Observation 8.
HARQ ACK/NACK feedback availability and timing are impacted by the design of physical channels and frame structure at PHY layer.


3.2 Proposals
Based on the above observations, we propose:

Proposal 1.
NR should support asynchronous and adaptive HARQ in the DL and UL.
Proposal 2.
LTE asynchronous HARQ in UL and DL can be taken as baseline.
Proposal 3.
If synchronous HARQ retransmissions are to be supported in addition to asynchronous HARQ retransmissions, the use case scenarios vs added complexity and challenges should be justified.
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