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Introduction
In RAN1#89, the following agreements on HARQ feedback on code-block group (CBG) level and CRC attachment were reached [1]:
Agreements:
· 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 
Agreements:
· For DL CBG-based (re)transmission,
· Following information can be configured to be included in the same DCI:
· Which CBG(s) is/are (re)transmitted.
· Which CBG(s) is/are handled differently for soft-buffer/HARQ combining.
· FFS: whether/how UE behavior is specified, e.g., part/whole of soft-buffer of indicated CBG(s) is flushed.
· FFS: timing of CBG-based (re)transmission.
The email discussion after NR RAN1 ad hoc # 2 concluded with the following remaining options for CBG designs:
· For the indicated number of CBGs per TB where "indicated" is realized by RRC, MAC, L1 signalling, the following options are considered for down-selection in RAN1#90. 
· Option 1. RRC signaling (for bit-field size)
· Option 2. L1 signaling (for indication the number of CBGs per TB) + RRC signaling (for bit-field size) 
· Option 3. both Option 1 and Option 2 
· To determine the number of CBG HARQ-ACK bits per TB, the following options are considered for down-selection in RAN1#90.
· Option 1. A UE transmits HARQ-ACK bits only for scheduled CBGs.
· "scheduled CBGs" means the CBGs scheduled in a (re)transmission
· Option 2. A UE transmits HARQ-ACK bits for indicated CBGs.
· FFS: "indicated" is realized by RRC, MAC, L1 signalling
· Option 3. both Option 1 and Option 2 by configuration
Note: Option1 and Option2 are the basis for the scheme to determine the number of feedback bits. Overhead reduction schemes can be considered. The number of actually used feedback bits can be different from the number of scheduled CBGs (Option1) or indicated CBGs (Option2). 
· For DL CBG-based (re)transmission, when information on which CBG(s) is/are (re)transmitted is configured to be included in the DCI, the following options are considered for down-selection in RAN#90.
· Option 1. TB-level NDI is jointly encoded with the information on which CBG(s) is/are (re)transmitted 
· Option 2. There is separate 1-bit bit-field for TB-level NDI.
· Option 3. TB-level NDI can be differently interpreted according to whether all CBGs of a TB is transmitted.
· When CBG-based retransmission is configured, TB-level HARQ-A/N is supported and at least following options can be considered for down-selection in RAN1#90. 
· Option 1. Add 1 bit upon CBG-level HARQ-ACK bits 
· Option 2. Use all NACK of CBG-level HARQ-ACK bits
· Option 3. Use different PUCCH format or PUCCH resource
· For HARQ-ACK codebook for CBG-based retransmission, the following options are considered for down-selection in RAN1#90.
· Option 1. Dynamic codebook determination for multiple PDSCHs
· Option 2. Semi-static codebook determination for multiple PDSCHs 
· Option 3. both Option 1 and Option 2 by configuration
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. We further address the new data indicator solutions.
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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.
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[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 indicator size in DCI does not change across multiple retransmission occasions.

New Data Indication for Code Block Group Operations
The new data indicator (NDI) can be designed in two ways:
· Absolute NDI
In this design, the NDI bit takes on absolute (or standalone) meaning. For example, 1 means the transmission is associated with a new transport block and 0 means the transmission is a retransmission.
· Toggling NDI
In this design, the meaning of the NDI bits is derived from it change or lack of from the NDI bit received previously. If the NDI bit is different than the NDI bit received previously for the same HARQ process, then the transmission is associated with a transport block different than previous transmission. If the NDI bit remains unchanged, then the transmission is associated with the same transport block as previous (i.e., it’s a retransmission).
The approaches to the NDI design were discussed extensively for Rel-8 LTE. Both approaches can provide effective indication of new data transmission under error-free scenarios. However, their reliabilities are not equal when practical signalling error rates are considered. For example, consider the case where he UE misses the PDCCH for transmitting a new transport block:
· For the absolute NDI approach, the next PDCCH for retransmitting the new TB will contain a NDI bit of value 0. The UE will understand it as a retransmission of the TB before the new TB whose scheduling is missed by the UE. The UE will then mistakenly combine the received signal with those in the soft buffer when these two signals correspond to two different transport blocks. In this case, the soft buffer is completely corrupted and both transport blocks are lost.
· For the toggling NDI, the next PDCCH for retransmitting the new TB will contain a NDI bit that is different than what the UE previously received (since it was toggled in the missed PDCCH). The UE will correctly understand it is a retransmission of a different TB. It will clear the existing soft buffer (if it is occupied) and replace with the new received signal. The processing of the new TB will be correct going forward. 
Therefore, the toggling NDI approach is more reliable than the absolute NDI approach for the case of single signalling error. There can be cases of multiple consecutive signalling errors that can cause both approaches to fail. However, the system is targeting the PDCCH reception error of no more than 1%. It is hence far more likely for single error case to happen than those with multiple consecutive errors. This was among the analysis that supported LTE Rel-8 to adopt the toggling NDI approach.

Proposal 4 For DL CBG-based (re)transmission, when information on which CBG(s) is/are (re)transmitted is configured to be included in the DCI, the following option is supported for NR:
· Option 2: There is separate 1-bit bit-field for TB-level NDI.

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 indicator size in DCI does not change across multiple retransmission occasions.
Proposal 4 For DL CBG-based (re)transmission, when information on which CBG(s) is/are (re)transmitted is configured to be included in the DCI, the following option is supported for NR:
· Option 2: There is separate 1-bit bit-field for TB-level NDI.
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