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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. This contribution provides an overview of DL HARQ processing in NR. HARQ modelling, HARQ feedback, HARQ processing with different TTIs, and the interface with the scheduler and the physical layer are discussed.
2 DL HARQ Structure
Asynchronous and adaptive DL HARQ is supported at least for eMBB and URLLC [2]. The NR downlink 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 DL HARQ Entity
A downlink HARQ entity directs HARQ information and the associated TB received on the DL-SCH to the corresponding HARQ process. In LTE, there is at most one HARQ entity per DL cell. When DL CA is used, the UE side MAC entity supports multiple HARQ entities, with one DL HARQ entity per configured DL carrier. In NR, a carrier can further support multiple numerologies/TTI durations. For all initial transmissions and retransmissions in asynchronous HARQ operation, the network scheduler implementation issues a downlink assignment that controls the TTI duration for a given HARQ process.
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.
If the UE and the cell support multiple TTI durations within the carrier, there are two possible models for HARQ entities: either allowing a single HARQ entity to handle the configured TTI lengths, or have multiple HARQ entities for the different TTI durations supported in the cell. Requiring a TTI-specific HARQ entity 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. This modelling issue was discussed in RAN2 NR AH1 meeting, and it was agreed to leave such modelling up to RAN1 [4]. In general, sharing HARQ processes between different TTI durations has the advantage of reducing the required size of HARQ soft buffers [5]. From a simplicity point of view, allowing a HARQ entity to operate on multiple TTIs is more straight forward, but no assumption on such modelling is made herein. If this matter is not decided in Rel-15, the network schedule can enforce such restriction.
Observation 2:
There is no strong motivation to introduce support for more than one DL HARQ entity per carrier, even for a UE configured with multiple TTI durations.

Proposal 1:
The UE MAC entity supports multiple DL HARQ entities, one per configured DL carrier
The number of HARQ processes per HARQ entity is dimensioned in manner that maximizes the UE's downlink throughput while waiting for HARQ feedback and processing from other HARQ processes. When determining the number of HARQ processes per entity, a number of factors should be taken into account. The limiting factor is typically the HARQ RTT, which depends on the HARQ feedback reporting delay and the UE's processing capability. Further, uplink control resource availability should be considered, as it is part of determining the HARQ RTT. Finally, the TTI duration(s) should be taken into account when dimensioning the number of HARQ processes. When multiple TTIs are supported within the same HARQ entity, the shortest TTI duration should be considered when obtaining the maximum number of HARQ processes per entity, if HARQ processes are shared between TTIs. Such dimensioning is still being discussed in RAN1.
2.2 DL HARQ Information
DL HARQ information is a set of parameters necessary for the UE to decode a downlink transmission. HARQ information is indicated to the UE part of downlink assignment. In LTE, DL HARQ information includes a new data indicator (NDI), the transport block size (TBS), and the HARQ process ID (PID). The new data indicator is used by the eNB to indicate a new downlink transmission to the UE. When toggled, the UE flushes the soft buffer of the indicated HARQ process. In case of spatial multiplexing on DL-SCH, the HARQ information comprises a set of NDI and TB size for each transport block. These parameters shall also be included in downlink HARQ information in NR, as they are necessary for asynchronous HARQ operation.

Proposal 2:
HARQ information shall include the NDI, TBS, and HARQ Process ID.

In NR, the timing between a DL assignment and DL transmission is signalled in DCI [2]. Unlike LTE, DL data and the scheduling assignment are not always in the same subframe. Further, the TTI duration of a scheduled DL transmission is not the same for all TBs. Therefore, HARQ information shall also include information on the TTI duration, implicitly or explicitly. An explicit indication can be the TTI duration index, from a set of possible TTI durations configured via RRC for example. An implicit indication can be drawn from the HARQ process ID, which is already included part of the HARQ information. In such method, separation within the HARQ PID space defines different TTI durations. The TTI may also be implicitly determined from the underlying numerology or other physical layer assignment parameters. For example, if the TTI is not changed for a retransmission compared to TTIs of previous transmissions, there is no need to signal the TTI. If single slot-scheduling is used, the TTI can be determined by the UE from the numerology without a need to indicate the TTI.
Proposal 3:
DL HARQ information shall indicate the TTI duration of the MAC PDU, if it cannot be determined implicitly by the UE.
2.3 DL HARQ Process
Each HARQ Process has a unique ID within its HARQ entity. A DL HARQ process is a stop-and-wait process designed for efficient pipelining of bits to the UE when processing, decoding, and feedback reporting delays are anticipated.
In LTE, when the physical layer is configured for downlink spatial multiplexing, one or two TBs are expected per TTI and they are associated with the same HARQ process. If spatial multiplexing is not used, one TB is expected per TTI. The same treatment can be maintained in NR, as TBs sent in spatial multiplexing have a level of channel correlation that justifies sharing the same HARQ process.
Proposal 4:
A UE not using DL spatial multiplexing shall expect at most one TB per HARQ process.
For each TB, the UE may report HARQ ACK/NACK feedback either autonomously on the PUCCH, or part of the user control information (UCI) on scheduled PUSCH resources multiplexed with uplink data. With respect to HARQ feedback timing in NR, pooling of HARQ feedback is also supported, where HARQ feedback for multiple DL transmissions in time can be transmitted in one UL data/control region [2]. LAA and TDD frame structures benefit from such aggregation of DL feedback until an uplink resource is available. A different form of feedback pooling is feedback suppression for a number of HARQ (re)transmissions. In scenarios where channel conditions are poor -e.g. high BLER or low CQI-, it can be favourable for the UE to suppress HARQ feedback until a certain retransmission number. This enables improved coverage and reliability and lowers overhead on the uplink control channel, as downlink HARQ feedback is only sent after the xth transmission. UEs at cell edge conditions, UEs served at millimetre-wave frequencies experiencing high pathloss, and MTC UEs of poor channel conditions benefit from such feature.
Proposal 5:
UEs shall support suppression of HARQ feedback, i.e. generating HARQ feedback for a given HARQ process starting from the xth retransmission for the same TB. 
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 subset of CBs may be retransmitted for the same TB of a HARQ process. The grouping of code blocks is intended to reduce the number of HARQ feedback bits, where ideally the group size would correspond to the number of CBs that failed to decode. 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 initial transmission.
In such scenario, the use of a mini-slot for the retransmission may be desirable. 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 6:
The UE may receive a DL retransmission using 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 DL eMBB CBs initially transmitted
An alternative to the scenario in Figure 1(a), is when the gNB scheduler re-uses the resources of the initial 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 DL assignment includes CBs of a first TB being retransmitted along with a second TB destined to the same UE. 
In beamforming scenarios when DL data is transmitted over a large bandwidth on a beam available only on one or few OFDM symbols, CBs mapped over the frequency domain may be separated into multiple small TBs on different HARQ processes. The aim is to reduce the number of CBs retransmitted when the frequency selective fading profile is not uniform across such wide bandwidth. 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.
Proposal 7:
A HARQ entity may have multiple active DL HARQ processes concurrently.
3 Conclusion

This contribution provides an overview of DL 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 DL HARQ entity per carrier, even for a UE configured with multiple TTI durations.

Observation 3:
CBG-based retransmissions can require considerably less resources compared to the initial transmission.
Proposal 1:
The UE MAC entity supports multiple DL HARQ entities, one per configured DL carrier
Proposal 2:
HARQ information shall include the NDI, TBS, and HARQ Process ID.
Proposal 3:
DL HARQ information shall indicate the TTI duration of the MAC PDU, if it cannot be determined implicitly by the UE.
Proposal 4:
A UE not using DL spatial multiplexing shall expect at most one TB per HARQ process.
Proposal 5:
UEs shall support suppression of HARQ feedback, i.e. generating HARQ feedback for a given HARQ process starting from the xth retransmission for the same TB. 
Proposal 6:
The UE may receive a DL retransmission using a different TTI duration from previous (re)transmissions.

Proposal 7:
A HARQ entity may have multiple active DL HARQ processes concurrently.
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