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1 Introduction
In RAN#75, a work item proposal for New Radio was approved [1]. The work item includes an objective of specifying MAC and physical layer procedures, including scheduling/HARQ mechanisms. During the NR study item phase, scheduling and HARQ aspects were discussed in RAN1, and briefly in RAN2.
In RAN2#97bis, the following was agreed [5]: 
Agreements 

-
A single DL-SCH can support transmissions using different numerologies and/or TTI duration per MAC entity

-
A single UL-SCH can support transmissions using different numerologies and/or TTI duration per MAC entity

-
RAN2 aims to make the L1 HARQ feedback transmission scheme (PUCCH, mapped to PUSCH, timing) transparent to MAC specification.

-
Working assumption: One HARQ entity should only serve one carrier. 

-
HARQ information shall at least include the NDI, TBS, RV, and HARQ Process ID

-
A UE not using DL spatial multiplexing shall expect at most one TB per HARQ process.

-
A UE can transmit at most one TB per UL HARQ process per TTI.

This contribution provides further discussion on HARQ processing in NR, including HARQ modelling, the interface with the scheduler and the physical layer, and HARQ processing with different TTI durations. 
2 HARQ Structure in NR
Asynchronous and adaptive HARQ is supported at least for eMBB and URLLC in NR [2]. The NR HARQ structure consists of at least a HARQ entity for each serving cell, which maintains and controls a number of parallel HARQ processes.
2.1 HARQ Entity
A HARQ entity directs HARQ information and the associated TB received on the DL-SCH/UL-SCH to the corresponding HARQ process. In LTE, there is at most one HARQ entity per cell. When CA is used, the UE side MAC entity supports multiple HARQ entities, with one HARQ entity per configured carrier. In NR, a carrier can further support multiple numerologies/TTI durations. For all (re)-transmissions in asynchronous HARQ operation, the network scheduler implementation issues an assignment that controls the TTI duration for a DL or UL HARQ process, either through a downlink assignment or an uplink grant, respectively.
Observation 1:
The network scheduler implementation controls the allocation of the TTI duration both for the initial transmission and for any retransmission for a given HARQ process.
Requiring a HARQ entity for each TTI duration or numerology may be restrictive on the network scheduler if performing retransmissions on different TTIs is desired, unless retransmissions across entities is possible. However, if retransmissions across different TTI durations and different entities are possible, the HARQ entity ID and process ID must be provided in the HARQ information part of the downlink assignment in the DCI. In general, sharing HARQ processes between different TTI durations has the advantage of reducing the required size of HARQ soft buffers. Given that a single data transport channel in NR can support transmissions using different numerologies and/or TTI durations per MAC entity [5], it is safe to confirm the working assumption of using one HARQ entity to serve one carrier. If this matter is not decided in Rel-15, the network schedule can enforce any restriction.
Observation 2:
There is no strong motivation to introduce support for more than one HARQ entity per carrier, even for a UE configured with multiple TTI durations or numerologies.

2.2 HARQ Information
HARQ information contains a set of parameters necessary to decode or perform a transmission. DL HARQ information is indicated to the UE part of downlink assignment, while UL HARQ information is included part of the UL grant assignment. HARQ information is signalled to the MAC layer by the PHY layer. HARQ information in NR shall at least include the NDI, TBS, RV, and HARQ Process ID [5].
In NR, the PHY layer may select the TTI duration, numerology, and channel coding scheme according to the QoS requirement of the underlying service. Such PHY parameters associated to uplink resources issued by the scheduler should be transparent to MAC, and therefore should be abstracted and signalled by the PHY layer to the MAC layer to aid MAC functionalities such as LCP. This is explained further in our companion contribution on scheduling with multiple numerologies/TTI durations [6]. 
In RAN2#97, it was agreed that MAC learns the TTI/numerology from the PHY layer, and it’s FFS how that is signalled [5]. From the perspective of the HARQ information provided to the MAC layer, the TTI duration, numerology, and other PHY traits used for mapping a TB to applicable LCH(s) can be a simple value -e.g. a HARQ Treatment Indicator (HTI)-. LCP is then performed by matching the HTI tagged for an UL grant with the HTIs configured by RRC for each LCH. The UE then multiplexes data from LCH(s) configured with a value that corresponds to the indication received by the physical layer for the concerned new transmission. This is further explained and discussed in our companion contributions [6, 7].
Proposal 1:
UL HARQ information provided by the physical layer for a TB includes the applicable mapping value.
2.3 HARQ Process
In addition to 1-bit HARQ feedback per TB, multi-bit HARQ feedback is supported in NR [2]. Multi-bit HARQ feedback is designed to work in conjunction with Code Block Group (CBG)-based HARQ, where a subset of CBs may be retransmitted for the same TB within a HARQ process. The grouping of code blocks is intended to reduce the number of HARQ feedback bits. A CBG can be as large as the whole TB, or as small as one CB. CBG-based HARQ is useful in scenarios of large bandwidth transmissions, where acknowledging a large TB using a single feedback bit could lead to many unnecessary retransmissions of correctly decoded CBs. It is also useful in the context of URLLC pre-empting a eMBB transmission, where a small subset of CBs within the eMBB TB fail successful decoding due to intermittent interference. In both use cases, retransmitted CBs are anticipated to be smaller in bit size relative to the TB size. Hence, the required time-frequency resources for retransmission is also much smaller.
Observation 3:
CBG-based retransmissions can require considerably less resources compared to the first transmission.
In such scenario, the use of a mini-slot for the retransmission may be desirable, especially when there is less room for flexibility on the frequency domain, i.e. when the number of PRBs used for the first transmission is limited. This would allow the gNB to re-use resources used for the initial transmission to transmit data to another user, with the aim of maximizing its spectral efficiency. This is illustrated in Figure 1(a) for an eMBB UE exhibiting URLLC interference on a seven-symbol slot, with the use of multi-bit HARQ feedback. In essence, restricting a retransmission to have the same TTI as previous transmissions places an unnecessary restriction on the gNB scheduler, which can result in loss of spectral efficiency.

Proposal 2:
A HARQ retransmission can be of a different TTI duration from previous (re)transmissions.
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Figure 1: Illustration of using multi-bit HARQ feedback to retransmit a subset of eMBB CBs initially transmitted
An alternative to the scenario in Figure 1(a), is when the gNB scheduler re-uses the resources of the first transmission to transmit another TB to the same UE along with the retransmitted CB on separate HARQ processes, with the aim of maximizing UE throughput. This is illustrated in Figure 1(b). In such scenario, the assignment includes CBs of a first TB being retransmitted along with a second TB destined to the same UE, but on separate HARQ processes. 
In order for this to work, it is also necessary to allow a HARQ entity to have multiple active HARQ processes concurrently. From a standards perspective, when multiple TBs are scheduled for concurrent transmission on different resources, they are treated as separate transmissions. The UE in such case processes the separate HARQ information corresponding to the different HARQ processes, in order to determine the TB to HARQ PID mapping.
Such modeling is also necessary when a URLLC transmission punctures an eMBB transmission for the same UE, as both transmissions happen concurrently but on separate HARQ processes, as illustrated in Figure 1.
Proposal 3:
A HARQ entity may have multiple active HARQ processes concurrently.
3 Conclusion

This contribution provides further discussion on HARQ processing in NR. RAN2 should discuss and agree to the following proposals and observations:
Observation 1:
The network scheduler implementation controls the allocation of the TTI duration both for the initial transmission and for any retransmission for a given HARQ process.
Observation 2:
There is no strong motivation to introduce support for more than one HARQ entity per carrier, even for a UE configured with multiple TTI durations or numerologies.

Proposal 1:
UL HARQ information provided by the physical layer for a TB includes the applicable mapping value.
Observation 3:
CBG-based retransmissions can require considerably less resources compared to the first transmission.
Proposal 2:
A HARQ retransmission can be of a different TTI duration from previous (re)transmissions.

Proposal 3:
A HARQ entity may have multiple active HARQ processes concurrently.
A text proposal corresponding to the above is found in Appendix A using TS 36.321 as a baseline.
4 Appendix A – Text Proposal for TS 38.321 (based on TS 36.321)

<Start text proposal, using TS 36.321 as baseline>
 [Unchanged text not included]
HARQ information: HARQ information for DL-SCH or for UL-SCH transmissions consists of New Data Indicator (NDI), Transport Block (TB) size and HARQ process ID. For UL-SCH transmissions HARQ information includes HARQ Treatment Indication (HTI) for UEs configured by upper layers with at least one LCH with a non-zero value for harqTreatment, otherwise the value of HTI is set to 0. For UL-SCH transmission the HARQ information also includes Redundancy Version (RV). In case of spatial multiplexing on DL-SCH the HARQ information comprises a set of NDI and TB size for each transport block. HARQ information for SL-SCH and SL-DCH transmissions consists of TB size only.

[Unchanged text not included]
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