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1 Introduction

During the NR study item phase, HARQ feedback was discussed extensively. Section 6.2.2 of TR 38.802 summarizes the relevant agreements. From a UE perspective, 1-bit HARQ ACK/NACK feedback per transport block (TB) is supported. Further, HARQ feedback for multiple DL transmissions in time can be transmitted in one UL data/control region [1]. In addition, Code Block Group (CBG)-based transmission with single/multi-bit HARQ-ACK feedback is supported, which shall have the following characteristics:
-
Only allow CBG based (re)-transmission for the same TB of a HARQ process

-
CBG can include all CB of a TB regardless of the size of the TB. In such case, UE reports single HARQ ACK bit for the TB

-
CBG can include one CB

-
CBG granularity is configurable
As stated in section 6.2.1 of TR 38.802, an indication of URLLC transmission overlapping resources scheduled for an eMBB UE in downlink can be dynamically signalled to the eMBB UE to increase the likelihood of demodulation and decoding of the eMBB TB [1]. This contribution discusses further aspects of CBG based HARQ retransmissions and multi-bit HARQ feedback. 
2 Discussion

2.1 Motivations for Multi-bit HARQ Feedback

eMBB data rates are anticipated to be substantially large in millimetre wave spectrum. This is made possible by transmitting a large number of bits in one or multiple TBs per TTI. The number of CBs per TB can be substantially larger than in LTE, as the largest info block size supported by an LDPC encoder is agreed to be 8192 bits [2]. Acknowledging a large TB using a single HARQ feedback bit could lead to many unnecessary retransmissions of correctly decoded CBs. Therefore, enriched multi-bit HARQ feedback is useful to facilitate retransmission of a subset of the CBs initially transmitted. Further, to satisfy URLLC latency requirements in sub-6 GHz frequency bands, URLLC traffic may pre-empt eMBB services through puncturing of eMBB scheduled resources or superposition coding. This can cause a subset of eMBB CBs to fail, which would require a retransmission of all eMBB CBs in the TTI if single-bit HARQ feedback is used. 
 Alternatively, the transmitter can retransmit only failed CBs/CBGs in response to CB-based HARQ feedback. The transmitter may further use adaptive HARQ retransmission to improve the residual BLER of the retransmitted subset of CBs, using improved resource allocation for example. In addition, soft combining can be used on a per-CB basis, where soft-combining with which previous (re)transmissions can be indicated by the network or determined by the receiver. For instance, the UE may leverage the indication issued by the gNB about URLLC interference to determine whether or not to soft-combine retransmitted CBs with previous transmissions.
Proposal 1:
The UE configured with multi-bit HARQ feedback shall support retransmissions that include only a subset of the CBs of the initial transmission for a given HARQ process.
As per the working assumption on CBG-based HARQ, only retransmissions of CBs part of the same TB of a HARQ process is allowed. However, this can lead to underutilization of the air interface if retransmissions on different TTI durations are not supported, as fewer CBs are retransmitted, and thus fewer resources are needed. In order to maximize the UE's eMBB throughput, it shall be possible to reuse resources used for the initial transmission to transmit more than one TB transmitted to the UE on separate HARQ processes. Adaptive asynchronous HARQ operation makes it possible to schedule retransmitted CBs on a mini slot or a smaller number of PRBs. This is illustrated in Figure 1 for an eMBB UE exhibiting URLLC interference on a seven-symbol slot, with the use of multi-bit HARQ feedback. In this example, the DL transmission following the reception of multi-bit feedback includes CBs of a first TB being retransmitted along with CBs of a second TB, either transmitted for the first time or retransmitted but with a different RV number. For this reason, it is necessary to allow a HARQ entity to have multiple active HARQ processes concurrently.
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Figure 1: Illustration of using multi-bit HARQ feedback to retransmit a subset of DL eMBB CBs initially transmitted

Proposal 2:
A MAC instance may have multiple HARQ processes active concurrently for a given HARQ entity.
Multi-bit HARQ feedback for a downlink transmission can be sent either on the NR-PUCCH or NR-PUSCH, depending on the payload size. Transmitting a large feedback payload on the PUCCH may consume a lot of capacity of the uplink control channel and create additional interference on it. Hence, dynamic scheduling of the resource used to report the HARQ feedback of a considerable payload is favourable.
It may be useful to use multi-bit feedback in the first transmission then reduce the number of feedback bits in subsequent retransmissions, since the number of CBs involved decreases over retransmissions, especially upon using per-CB soft combining. Conversely, if the channel quality is expected to be uniform across CBs, a single bit could be used from the first transmission. In the context of downlink URLLC/eMBB preemption, the gNB may configure the usage of a single-bit feedback for all non-preempted eMBB CBs, richer feedback for CBs multiplexed with URLLC traffic, and no feedback for CBs punctured by URLLC traffic. Since the transmitter inserts a CRC at the beginning of each CB, such configuration can be implicitly indicated to the receiver by dropping or masking the per-CB CRC for example.
Proposal 3:
The UE supports single-bit and multi-bit HARQ feedback reporting.

Proposal 4:
The UE can determine the applicable HARQ feedback reporting format dynamically.
An alternate solution to reduce the number eMBB CBs retransmitted is to group CBs into smaller TBs, in lieu of using CBGs. Smaller TBs would then be transmitted either over multiple slots/mini-slots (e.g. eMBB transmission susceptible to URLLC interference), or in one slot/mini-slot over many PRBs if high throughput is desired (e.g. in millimetre wave operation). In the former use case, the scheduler prepares multiple eMBB TBs to be scheduled together over multiple mini-slots or slots. This is possible, as NR supports cross-slot scheduling for DL and UL [1]. Although an NR DL control region may exist at the beginning of each slot [1], the UE does not have to monitor the PDCCH at the beginning of each slot. Instead, the UE can be configured with a UE-specific DL control information monitoring occasion in the time domain [1]. The use of mini-slot aggregation with cross-slot scheduling and per-TB HARQ feedback is illustrated in Figure 2 for an eMBB UE exhibiting URLLC interference in sub-6 GHz spectrum. The illustration uses mini-slots to schedule eMBB TBs, though the same can be illustrated using slot-aggregation if eMBB and URLLC both use larger subcarrier spacing for example.
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Figure 2: Illustration of using DL mini-slot aggregation and per-TB feedback to reduce retransmissions of eMBB CBs
In the latter use case of per-TB feedback to reduce eMBB CBs retransmitted, the gNB transmits multiple smaller TBs in the same slot/mini-slot over a large bandwidth. In such cases, the number of CBs to transmit per slot/mini-slot may need to be large, as the serving beam may only be available for few symbols within the slot or high throughput is desired. Frequency selective fading and interference profiles over such large bandwidth is not expected to be uniform. Therefore, the gNB may split CBs over CBGs and use multi-bit HARQ feedback, or over smaller TBs and use per-TB feedback.

When comparing both HARQ feedback methods for the two use cases discussed, the number of eMBB CBs retransmitted is reduced with comparable efficiency. However, multi-bit feedback has a few advantages. The use of cross-slot scheduling is expected to produce more overhead on the control channel. The increased overhead on the control channel is proportional to the number of TBs scheduled together. In addition, when an indication of URLLC interference is available, which provides the UE with information on which resources a URLLC transmission occurred, multi-bit feedback can be tailored to the indication. Multi-bit feedback can thus be optimized by the UE when grouping CBs. Such feedback payload optimization is not possible when per-TB feedback is used, as one bit is necessary for each TB and TB sizes are determined beforehand. Further, comparing the number of HARQ processes needed, per-TB HARQ feedback requires a substantially larger number of HARQ processes, as one transmission of one TB is assumed at most per HARQ process. For these reasons, multi-bit HARQ feedback results in better overall system performance.
2.2 Multi-bit HARQ Feedback Design

With multi-bit HARQ feedback, the receiver can report A/N for a single CB or a CB group (CBG). One CBG can be as small as one CB or as large as the whole TB; grouping of CBs can be configured by the network or indicated by the receiver part of the feedback bits. At the transmitter, a single HARQ feedback bit received instead of a multi-bit feedback -despite configuration- may be interpreted as an A/N for the whole TB. 

Proposal 5:
Parameters associated with multi-bit HARQ feedback, including the feedback size and feedback bundling for a group of CBs, can be configured by the network.
In the context of URLLC interference, the UE may leverage the indication issued by the gNB to construct the multi-bit feedback. The indication may contain information about the time-frequency resources on which URLLC interference occurred. Given such information, the UE may optimize the feedback accordingly. For example, if the interference is strong (e.g. originating from the same cell), the UE may choose to feedback 1 bit for non-interfered CBs. Conversely, if the interference is not severe (e.g. URLLC interference form a neighbouring cell) or if the UE is be able to decode some of the CBs on the interfered resource, the UE may report multi-bit feedback for CBs within the interfered resource and a single bit for the remaining non-interfered CBs.
Proposal 6:
The grouping structure of CBs in multi-bit feedback can be indicated by the receiver. 
Consecutive CBs may experience correlated error probability due to an interference burst, a deep fade, or a sudden change of pathloss (blockage or rain in millimetre wave spectrum for example). Depending on the enriched feedback design, CBs to be retransmitted could be determined explicitly by CB(G) indication, or implicitly, based on indication of resources, reference measurements, or demodulation performance. Examples of explicit feedback include indicating 2 CBG indices to infer retransmission of CBs in between the reported indices, or indicating a CBG index and an offset to infer retransmission of CBs within that range, or reporting a bit map of 1 A/N-bit per CBG. 
Proposal 7:
The indication of the failed CBs can be determined explicitly from the feedback bits.
Implicit enriched HARQ feedback could be based on indication of PRBs, slots, mini-slots, symbols, DM-RS demodulation levels, or CSI reports. The transmitter can then implicitly determine the CBs to retransmit, since it is aware of CB mapping between the resourced indicated by the indices or measurements reports. The receiver may base its implicit feedback parameters on decoding the per-CB CRCs or simply relying on measurements or demodulation performance, depending on latency requirements. The latter may be used when the required feedback reporting delay is short, as decoding the CRCs for a large number CBs may require more time. In such case, the receiver indicates CBs that may experience a high NACK probability, rather than a definite NACK.

Proposal 8:
CBs to retransmit can be determined implicitly from reported channel quality metrics. 
3 Conclusion

In this contribution, CB-based HARQ and multi-bit HARQ feedback were discussed, including motivation and design aspects. The following is proposed:
Proposal 1:
The UE configured with multi-bit HARQ feedback shall support retransmissions that include only a subset of the CBs of the initial transmission for a given HARQ process.
Proposal 2:
A MAC instance may have multiple HARQ processes active in the same TTI for a given HARQ entity.
Proposal 3:
The UE supports single-bit and multi-bit HARQ feedback reporting.

Proposal 4:
The UE can determine the applicable HARQ feedback reporting format dynamically.
Proposal 5:
Parameters associated with multi-bit HARQ feedback, including the feedback size and feedback bundling for a group of CBs, can be configured by the network.
Proposal 6:
The grouping structure of CBs in multi-bit feedback can be indicated by the receiver. 
Proposal 7:
The indication of the failed CBs can be determined explicitly from the feedback bits.
Proposal 8:
CBs to retransmit can be determined implicitly from reported channel quality metrics. 
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