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1 Introduction
At the RAN1#89 meeting, the following decisions regarding HARQ-ACK feedback for CBG-based operation were made [1]:
	Agreement:
· For downlink data transmission with CBG based (re)transmission,
· The number of CBG HARQ ACK bits for a TB is at least equal to the number of CBGs indicated or implied for transmission
· FFS whether or not the UE transmits HARQ ACK bits for CBGs not indicated or implied for transmission
· FFS “indicated or implied” is realized by RRC, MAC, L1 signalling, or implicitly derived
· FFS HARQ ACK feedback on one channel for the case of multiple TBs
· FFS for fallback 


In this contribution, we analyse the CBG-based data transmission, mainly focusing on the HARQ-ACK feedback  aspects. The scheduling aspects of CBG-based operation are discussed in our companion paper [2]. 
2. Discussion
Compared to LTE, NR supports more flexible scheduling and HARQ configurations, which result in HARQ feedback flexibility in multiple aspects for NR. 
In particular, two different design properties for HARQ are targeted by NR: 

 -
HARQ-ACK feedback with one bit per TB is supported. 

-
Code Block Group (CBG)-based transmission with single/multi-bit HARQ-ACK feedback is supported. 

For CBG-based HARQ feedback, the code blocks in one transport block are grouped into CBGs and there is one HARQ A/N bit for each CBG, as shown in FIG.1. For multi-bit HARQ-ACK feedback, the CRC check in CB level can be used for error detection in each CB and further create a bundled ACK/NACK at the CBG level. A simple rule is to generate an ACK for a CBG only if all the CBs within the CBG are received correctly, whereas a NACK is generated otherwise. The eNB will determine which CBGs need to be retransmitted corresponding to the received multiple ACK/NACK bits.    
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Figure 1: Multi-bit ACK/NACK for CBG-based operation
It is beneficial to transmit HARQ-ACK bits for the CBGs that are not indicated or implied by the L1 DCI format for retransmission in order to achieve high reliability, which is critical for CBG-based operation. Two solutions exist for HARQ-ACK bit generation for CBG-based retransmission: Either one HARQ-ACK bit per retransmitted CBG with lower HARQ-ACK payload for feedback or alternatively one HARQ-ACK bit per CBG regardless of being retransmitted or not. The former solution would adapt the HARQ-ACK codebook size to the number of retransmitted CBGs and may reduce the UL control overhead. However, one problem of this approach is that it may result in improper CBG retransmission due to ACK/NACK detection errors. 
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Figure 2: Example of HARQ-ACK generation to ensure high reliablity
As depicted in the Fig.2, gNB may falsely detect the HARQ-ACK bits for CBG #2, #4 and #6 fed back by UE. Consequently, it would unnecessarily retransmit CBG #2 and does not conduct CBG #4 and #6 retransmissions. It should be noted the lost CBGs, i.e., CBG #4 and CBG #6, and even the whole TB, have to be recovered by the RLC layer, causing larger latency and lower efficiency for CBG-based operation. This issue can be well mitigated by the latter approach described above. Referring to FIG.2, in the latter approach, UE continuously indicates the “NACK” for the lost CBG #4 and 6 as well as the “ACK” for the redundant retransmission of CBG#4 to inform the network about the latest CBG decoding result at the UE, including not only the retransmitted CBGs but also the CBGs that are not retransmitted. With this assistance information from the UE, gNB is able to correctly retransmit these CBGs using subsequent retransmission opportunities.       
Proposal 1: 
· Multi-bit HARQ-ACK feedback is supported for CBG-based operation by associating each HARQ-ACK bit with a CBG.
· UE transmits HARQ ACK bits for CBGs that are not indicated or implied for retransmission by the L1 DCI format to ensure high reliability.

· The HARQ-ACK bit number is determined by the number of CBGs configured by RRC signalling or indicated by the DCI format of the initial transmission.  
· The single HARQ-ACK report for each CBG is generated as follows:
· An ACK is generated if all assigned DL subframes are ACK-ed. 
· An NACK is generated if at least one of the scheduled CBs is NACK-ed. 
One main use case that motivated the CBG-based operation is to enable an efficient multiplexing between eMBB and URLLC services. To meet the extremely strict latency requirement, it was agreed to support puncturing eMBB PDSCH to transmit the URLLC data in the punctured resources [3]. With URLLC puncturing, the ongoing eMBB transmission may be interrupted. In general, gNB is able to estimate the probability that the UE data cannot be successfully decoded due to puncturing. If the probability of decoding failure of one CBG due to puncturing is above a specific threshold, the gNB can retransmit the punctured CBGs of the eMBB data before receiving the HARQ-ACK feedback associated with the initial PDSCH transmission as demonstrated in FIG.2. 
For this subsequent PDSCH transmission before receiving the multi-bit HARQ-ACK feedback associated with the initial transmission from UE, timing relation between a PDSCH transmission and HARQ-ACK transmission needs to be discussed. 

There are two basic alternatives: 

· Alternative-1: Use the UL slot associated with the initial PDSCH transmision to feedback the ACK/NACK for all CBGs of a TB, as shown in FIG.3(a). The HARQ-ACK bit generation needs to take into account the retransmitted CBGs. This may be preferable from the latency perspective. However, the HARQ-ACK generation taking into account the subsequent CBG retransmissions becomes very challenging for a UE due to the reduced processing time budget.     

· Alternative-2: As illustrated in FIG.3(b), UE transmits one additional multi-bit ACK/NACK in the slot that is associated with the retransmitted CBGs. This multi-bit ACK/NACK should be generated based on the soft combining of the initial transmission and the subsequent retransmission. 
We observe that the latency performance between the two alternatives is similar as gNB is supposed to perform CBG retransmission in subsequent slots. Depending on the exact design, repeated HARQ-ACK bits for the same CBG in two slots can be also used to improve the robustness of ACK/NCK detection and eventually improve the latency.    
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Figure 3: Alternatives for multi-bits HARQ-ACK feedback in case of subsequent transmission
In our view, the impact on available UE processing time in Alternative 1 lacks sufficient justification considering the potential benefits. Based on the complexity and latency benefit tradeoff, Alternative 2 is preferred.     
Proposal 2: 
· The HARQ-ACK for CBG-based PDSCH retransmission follows the original A/N timeline as indicated in the scheduling DCI. 
3. Conclusions
In this contribtion, we discuss the HARQ-ACK feedback mechanisms for CBG-based HARQ operation and propose the following:  

Proposal 1: 
· Multi-bit HARQ-ACK feedback is supported for CBG-based operation by associating each HARQ-ACK bit with a CBG.
· UE transmits HARQ ACK bits for CBGs that are not indicated or implied for retransmission by the L1 DCI format to ensure high reliability.

· The HARQ-ACK bit number is determined by the number of CBGs configured by RRC signalling or indicated by the DCI format of the initial transmission.  
· The single HARQ-ACK report for each CBG is generated as follows:
· An ACK is generated if all assigned DL subframes are ACK-ed. 

· An NACK is generated if at least one of the scheduled CBs is NACK-ed. 
Proposal 2: 
· The HARQ-ACK for CBG-based PDSCH retransmission follows the original A/N timeline as indicated in the scheduling DCI. 
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