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Introduction
In RAN1#88bis, the following agreements on HARQ feedback on code-block group (CBG) level and CRC attachment were reached [1]:
Agreements:
· Confirm the working assumption as below.
· 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
Agreements:
1. The UE is semi-statically configured by RRC signaling to enable CBG-based retransmission.
The above semi-static configuration to enable CBG-based retransmission is separate for DL and UL.
[bookmark: _GoBack]Furthermore, LDPC decoder throughput variations across different code rates were discussed extensively but without specific conclusion on the requirement [2][3][4]. In this contribution, we discuss our views on decoder throughput requirement setting and potential solutions to address retransmission decoder throughput issues using CBG-based HARQ protocol.
[bookmark: _Ref178064866]Discussion
LDPC decoder throughput requirement for initial transmissions
For UE category supporting  spatial layers on a bandwidth of , the LDPC decoder hardware can be designed to support the peak rate corresponding to the highest MCS level (e.g., 256QAM @ 8/9 code rate). The hardware should be at least capable of sustaining this data rate when it is scheduled continuously at this MCS level and assuming no retransmission. However, this is in fact not enough for such UEs to operate correctly in the NR network.
As analyzed in [5], LDPC decoders requires 40% more time to decode the same number of coded bits at 2/3 code rate than at 8/9 code rate. Considering across all MCS range, it is shown in [5] (copied in Figure 1 below) that more than 10 MCSs out of 26 MCSs requires longer LDPC decoding time than for the peak MCS. If the LDPC decoder hardware is not budgeted to finish decoding these MCSs within a scheduling time unit (e.g., a slot), the UE will always report NACK when these MCSs are scheduled by the gNB. The users will observe the peak data rate only at extreme rate occasion and find the link to achieve no more than half of the advertised peak rate. The NACK feedback will cause the network to unnecessarily retransmit the entire TB(s) further degrading the network performance.

Observation 1 More than 1/3 of the MCS levels requires longer LDPC decoding time than for the peak MCS level.

It is therefore necessary to set requirement such that a UE category supporting  spatial layers on a bandwidth of  shall sustain continuous reception of any MCS scheduled on these spatial layers and bandwidth assuming no retransmissions. This requirement can be enforced by designing a RAN4 throughput test for the MCS corresponding to the lowest code rate of the highest modulation order (e.g., MCS 20 in Figure 1). For this test, a 99% normalized throughput point should be checked.

Proposal 1 a UE category supporting ν spatial layers on a bandwidth of W shall sustain continuous reception of any MCS scheduled on these spatial layers and bandwidth assuming no retransmissions.
[bookmark: _Ref481574169][image: ]
[bookmark: _Ref481604273]Figure 1 Normalized decoding latency vs. MCS index. For the 11 MCS levels above the red dashed line, the LDPC decoder requires longer decoding time than for the peak MCS.

CBG-based HARQ protocol applications for LDPC decoder throughput issues for retransmissions
With incremental redundancy retransmission, new parity check bits are sent by the transmitter in response to NACK feedback from the receiver. The receiver combines coded bits received from the initial transmission as well as the retransmission(s) to obtain a LDPC code of lower code rates. With incremental redundancy retransmission thus enables substantially link performance improvements with each retransmission. 
However, with LDPC decoding, the decoder throughput can drop to 1/3 of the decoding throughput for the initial transmission with one retransmission. With two retransmissions, the decoding throughput can drop to 1/6 that for the initial transmission. These decoding throughput drops are caused by increased number of coded bits and also lower decoding throughputs for lower code rates discussed in the previous section. 
Consequently, with one retransmission, the receiver will not be able to finish decoding within the same amount of time for decoding the initial transmission if more than a third of the code blocks need to be decoded. With two retransmissions, the receiver will not finish decoding within the same amount of time for decoding the initial transmission if more than 1/6 of the code blocks need to be decoded. When the decoding is not finished in time, the receiver will then provide NACK feedback to the transmitter which will cause the transmitter to perform additional unnecessary retransmissions. It should be further noted that these decoding throughput issues can occur even for medium MCS levels (for instance, MCS 11 as shown in Figure 1).

Observation 2 For links operating at medium to high data rates, the receiver LDPC decoder may not finish decoding the combined coded bits from initial- and re-transmissions in time for HARQ-ACK reporting.

One possible solution to consider for links operating at medium to high data rates is to configure code block group based HARQ protocol. 
A receiver may send a CBG HARQ-ACK feedback that indicates NAK on a subset of the CB groups that failed decoding if it expects it will not be able to finish decoding retransmission of the full failed CB groups. For instance, if the receiver finds 3 out of the configured 6 CB groups failed, it may indicate 4 ACKs and 2 NACKs to the transmitter. The receiver can then indicate 5 ACKs and 1 NACK in the next HARQ-ACK feedback. 
Note that, for this solution to work, the receiver must be allowed to NACK a CB group that was previously ACKed. That is, the CBG HARQ-ACK feedback length needs to keep the same length as the configured number of CB groups.
Alternatively, the gNB may consider the decoding capability of the UE receiver and decide to retransmit only a subset of the CB groups that were NACKed by the UE. For instance, if the UE provided a HARQ-ACK feedback indicating 3 out of the configured 6 CB groups failed, the gNB may decide to retransmit only two of the NACKed CB groups. The gNB can transmit the last NACKed CB group in a later retransmission, possibly with other CB groups if some other CB groups are NACKed by the UE in the next HARQ-ACK feedback.

Proposal 2 Code block group based HARQ protocol may be utilized to address LDPC decoding throughput issues in retransmissions. The receiver may be allowed to NACK a subset of CB groups that fail decoding. The gNB may retransmit a subset of CB groups that were NACKed by the UE.

Proposal 3 The CBG HARQ-ACK feedback length does not change across multiple HARQ-ACK feedback occasions.

Conclusion
We analyzed the impact of LDPC decoding throughput variations and observed that
Observation 1 More than 1/3 of the MCS levels requires longer LDPC decoding time than for the peak MCS level.
Observation 2 For links operating at medium to high data rates, the receiver LDPC decoder may not finish decoding the combined coded bits from initial- and re-transmissions in time for HARQ-ACK reporting.
Therefore, we propose:
Proposal 1 a UE category supporting ν spatial layers on a bandwidth of W shall sustain continuous reception of any MCS scheduled on these spatial layers and bandwidth assuming no retransmissions.
Proposal 2 Code block group based HARQ protocol may be utilized to address LDPC decoding throughput issues in retransmissions. The receiver may be allowed to NACK a subset of CB groups that fail decoding. The gNB may retransmit a subset of CB groups that were NACKed by the UE.
Proposal 3 The CBG HARQ-ACK feedback length does not change across multiple HARQ-ACK feedback occasions.
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