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1	Introduction
In RAN1 #88, the following working assumption was reached:
Working assumption:
· CBG-based transmission with single/multi-bit HARQ-ACK feedback is supported in Rel-15, 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 the such case, UE reports single HARQ ACK bits for the TB
· CBG can include one CB
· CBG granularity is configurable

As shown in many contributions, CBG-based multi-bit HARQ feedback scheme is crucial to enable efficient URLLC and eMBB dynamic multiplexing based on pre-emption. In this paper, we consider some details of Multi-bit HARQ-Ack feedback HARQ design, in particular, some CBG based transmission design aspects.
2 Discussion
2.1 Performance and overhead tradeoff
When CBG-based transmission is supported, there is a trade-off between the CBG size and the amount of feedback. With smaller CBG size, more accurate control on the retransmission is possible, which translates to more efficient retransmission. We illustrate this tradeoff in Figure 1 and 2. In these simulations, the total number of HARQ transmissions is set to 4. As can be seen CB-level HARQ scheme can significantly improve throughput compared with TB-level HARQ thanks to multi-bit feedback. Practically speaking, low puncturing rate region is of more interest as URLLC naturally could not have very high system loading due to its own latency bound. From the zoomed in Figure 2, CB-level HARQ requires 28-bit UCI feedback. Grouping 4-CBs as 1 CBG can reduce the feedback to 7 bits. However, there will be a performance loss associated with CBG HARQ vs. CB HARQ as shown in the Figure as a performance/feedback overhead tradeoff. Nevertheless, it still provides substantial gain over TB-level HARQ based on 1-bit feedback. Based on these results, it is clear that 1-bit feedback based HARQ is not sufficient for NR eMBB considering URLLC multiplexing (Note that outer code based HARQ scheme further outperforms CB-level HARQ over all puncturing rates due to its capability to correct data CBs w/o requiring the exact location of the CBs, only the number of parity CBs requested needs to be feedback). 
First priority to advance the design of multi-bit HARQ is to confirm the working assumption to support CBG based multi-bit HARQ.
[bookmark: p1]Proposal 1. Confirm the working assumption on supporting CBG-based transmission with single/multi-bit HARQ-ACK feedback in Rel-15.
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Figure 1 eMBB performance w/ URLLC CB puncturing with different multi-bit HARQ schemes
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Figure 2 eMBB performance comparison w/ and w/o indication (zoomed in)
As can be seen, with smaller CBG size, performance is improved, and at the same time, more information needs to be feedback to the transmitter, which puts higher requirement on the DL or UL control channels. As a result, applying some compression schemes to the CBG A/N feedback can be an attractive trade-off. To design an efficient compression schemes, some statistics of CBG A/N can be used. For exaoutermple, if we know there can be only up to only one CBG with CRC failure among all CBGs, we only need to feedback the CBG index for the NAK. Yet another example is, if we know the CRC failed CBGs are contiguous in CBG index domain, we can feedback the starting CBG index of the failed CBGs and the run length. However, the CBG failure patterns are typically not fully under control. In the case the CBG failures do not follow the assumed pattern, we can used some lossy compression. For example, if the failed CBGs form two bursts, while a single CBG failure burst is assumed for CBG A/N report, the CBG A/N report used can be a bursty that covers both bursts. This effectively is a lossy compression scheme, where we trade off CBG A/N report length with some redundant CBG retransmissions. 
[bookmark: p2]Proposal 2: CBG A/N feedback can use lossless or lossy compression schemes
One way to achieve lossless compression of the errors is to adopt outer coding based CB(G)-HARQ. In such scenarios, outer code could use additional parities to recover the data CB errors in the previous transmission without having to feedback the exact location of the errors. Only the total number of CB parities will be feedback. Also lossy compression could also be applied to outer code to achieve lower overhead.
[bookmark: p3]Proposal 3: Outer code can be one CB(G) A/N feedback compression scheme
2.2 Importance UL Reliability
When CBG-based retransmission is applied to PDSCH, the UE will send back CBG A/N. It turns out the reliability of the CBG A/N feedback is critical. Here are some examples:


[bookmark: _Ref477880245]Figure 1. Example with correct CBG A/N decoding
In Figure 1, we show an example with 12 CBGs in the TB. In the first transmission, 4 of the CBGs failed, and the UE requests the retransmission of these 4. The CBG A/N report is correctly decoded, and in the retransmission, only the 4 failed CBGs are retransmitted. The UE may or may not perform soft LLR combining (depending on whether it is due to bursty interference or puncturing) of these 4 CBGs with the LLRs of these CBGs already in the buffer and attempt a new decoding for these CBGs. 


[bookmark: _Ref477880249]Figure 2. Example with wrong CBG A/N decoding
In Figure 2, we show the same example with 12 CBGs in the TB. In the first transmission, 4 of the CBGs failed, and the UE requests the retransmission of these 4. This time, the CBG A/N report is decoded incorrectly. Instead of retransmitting CBGs 4, 5, 6, and 8, the gNB is retransmitting CBGs 3, 5, and 6. If UE purely relies on gNB’s exact knowledge of the CB(G) failure pattern, the UE will assume CBGs 4, 5, 6 and 8 are included in the retransmission, and will combine the LLRs for CBGs 3, 5 and 6 with that of CBGs 4, 5, 6, and 8 in the soft buffer. As a result, the decoding will fail, and will continue to fail in future retransmissions as wrong LLRs are combined.
This example shows that the reliability of CBG A/N needs to be reasonable high, as there will be undetectable error events and it will take upper layer long time to detect the error and arrange retransmission. 
To provide higher reliability, we can always include a CRC field in the CBG A/N feedback. In this way, at least the CBG A/N report decoding error event can be detected. However, when the number of CBGs is not very large, including a CRC field substantially increases the UCI payload and may not be efficient. Alternatively, we can introduce some additional CBG A/N information confirmation mechanism in the retransmission grant, such that the UE can verify from the retransmission grant that the CBG A/N assumed by gNB is the same as the CBG A/N report it transmitted.
[bookmark: o1]Observation 1. For CBG-based PDSCH transmission, CBG A/N decoding error event has error propagation issue.
[bookmark: p4]Observation 2: For CBG-based PDSCH transmission, either a highly reliable CBG A/N is fed back, or some type of CBG A/N confirmation mechanism is needed to avoid error propagation.
For CBG-based PUSCH transmission, the gNB sends the CBG A/N to UE. The information is carried by PDCCH, and will have CRC protection. In this case, the CBG A/N decoding error event will be of low probability, and will not have the same reliability issue as the CBG-based PDSCH transmission.
3	Conclusions 
In this paper, we considered some design principles for multibit HARQ feedback schemes (in particular, CBG-based transmission), and has the following proposals and observations.
Proposal 1. Confirm the working assumption on supporting CBG-based transmission with single/multi-bit HARQ-ACK feedback in Rel-15.
Proposal 2: CBG A/N feedback can use lossless or lossy compression schemes
Proposal 3: Outer code can be one CB(G) A/N feedback compression scheme
Observation 1. For CBG-based PDSCH transmission, CBG A/N decoding error event has error propagation issue.
Observation 2: For CBG-based PDSCH transmission, either a highly reliable CBG A/N is fed back, or some type of CBG A/N confirmation mechanism is needed to avoid error propagation.
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