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1	Introduction
This contribution attempts to address all the remaining open issues related to CBG-based transmissions remaining after the RAN1 #90. 
In this contribution we discuss
· The determination of the number of CBGs from RRC and L1 signalling
· Dual-CW transmission and CB grouping
· DCI fields NDI, CBGTI and CBGFI
· HARQ feedback for CBG-based transmissions
· The number of CBGs to be supported
A new section 3.1 introduced for RAN1#90bis discusses the error cases for the NDI/CBGFI information sharing the same bit.
2	Determination of the number CBGs
2.1	Signalling for determination of the number of CBGs 
Agreements:
· At least for single CW case, at least support that the maximum number of CBGs per TB is indicated by RRC signaling
· FFS whether also support to indicate the number of CBGs per TB by L1 signaling
Agreements:
· At least for single CW case
· The maximum number N of CBG(s) per TB is configured by RRC signaling
· [bookmark: _Hlk492397180]The number M of CBG(s) in the TB equals to min(C, N), where C is the number of CB(s) within the TB.
· For CBG construction
· The first Mod(C,M) CBG(s) out of total M CBG(s) include ceil(C/M) CB(s) per CBG 
· The remaining M-Mod(C,M) CBG(s) include floor(C/M) CB(s) per CBG. 

The two agreement above with the FFS on the L1 signalling could be completed as follows with closing the FFS bullet:
· The number of CBGs the TB is split to max number of CBGs as configured by RRC, if # of CBs ≥ max number of CBGs
· Otherwise the number of CBGs = number of CBs
· The derivation of the TB size from the DCI can be seen as the L1 signalling needed to complement the RRC configuration of the maximum number of CBGs.

Proposal #1: No additional L1 signalling is needed for derivation of the number of CBGs per TB and the following RAN1#90 agreement holds for all cases: The number M of CBG(s) in the TB equals to min(C, N), where C is the number of CB(s) within the TB, and the maximum number N of CBG(s) per TB is configured by RRC signaling.

2.2	Maximum number of CBGs
The number of code block groups is a trade-off between accuracy and overhead. The indicative calculation establishes that the number of code blocks in one TB can be several tens even with a reasonable rank and modulation.

Table 1: Number of code blocks (64QAM, ECR=0.9), TB sizes indicative only
	Number of
OFDM symbols
	Number of
PRBs
	Number of 
MIMO layers
	Number 
of REs
	TBS
	Number
of CBs

	14
	275
	1
	46200
	249480
	31

	
	
	2
	92400
	498960
	61

	
	
	3
	138600
	748440
	92

	
	
	4
	184800
	997920
	122




In Figure 1 the retransmission resource saving ratio is shown for different number of code block groups. One HARQ-ACK bit per CBG is assumed. The results are accompanied with the TB BLER curve that demonstrates the target BLER points over range of SINR. For instance for 20% TB BLER attractive savings of more than 50% in retransmission resources are offered by using 4 CBGs (i.e., 7 CBs per CBG). Moreover, with 10 CBGs (i.e. 3 CBs per CBG) the offered savings are higher than 80% of the retransmission resources at 30 dB SINR point. The resources savings are assumed for the scenario when retransmission of a CB takes the same resource size as the initial transmission however. Going beyond 10 CBGs does not seem to provide significant benefits at reasonable BLER operating points.
Simulation parameter setup
TBS = 22701Bytes (30 CB segments)
Numerology: LTE-alike
Carrier bandwidth: 20 MHz
Number of PRB: 100
Modulation and coding scheme: MCS22
Number of useful OFDM symbols per 1 ms: 14
Channel estimation: Ideal
Antenna scheme: SISO
Channel coding: Turbo with basic rate 1/3

Figure 1 - Retransmission resources savings ratio against SINR for different number of CBGs

In earlier contributions we have suggested that the number of CBGs should be between 4 and 12. Given that we may need one bit per CBG in the DCI and UCI, it may be beneficial to look towards the lower end of the range. Hence the following proposal is made. 
Proposal #2: The maximum number of CBGs should be configurable with value range of 4-12.



2.3	Dual code word transmissions and CB grouping 
RAN1#90 listed the following options for multiple CW case for CBG transmission.

Agreements:
· For multiple CW cases, the following can be considered.
· Option 1. The gNB configures the maximum number of CBGs per TB.
· Each TB has the same maximum number of CBGs.
· Option 2. The gNB configures the maximum number of CBGs per TB.
· Each TB can be configured with different/same maximum number of CBGs.
· Note: the gNB configures two parameters on the maximum number of CBGs per TB to the UE.
· Option 3. The gNB configures the maximum number of CBGs to be shared by both CWs. 
· FFS: How to divide the total number of CBGs to two CWs


It would appear most straight forward to consider 2-CW transmission the same way as transmitting two TBs on two separate carriers. Each TB is treated independently of the other TB. Thus to maintain this commonality and in the absence of clear motivation to do anything else, we suggest adoption of option 1:

Proposal #3: Dual CW transmission treats the two TBs independently of each other; The gNB configures the maximum number of CBGs per TB, and each TB has the same maximum number of CBGs.
3	DCI for CBG-based transmission
The following agreements on DCI were achieved in RAN1#90:
Agreements:
· For DL CBG-based (re)transmission,
· Following information can be separately 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
Agreements:
· For the purpose of further discussion, we conclude following:
· For the following discussion on CBG-based retransmission, define the terms CBGTI and CBGFI as below. 
· CBGTI (CBG transmission information) means information on which CBG(s) is/are (re)transmitted and, 
· CBGFI (CBG flushing out information) means information on which CBG(s) is/are handled differently for soft-buffer/HARQ combining
· At least following is supported for DL CBG-based (re)transmission.
· A DCI includes both CBGTI and CBGFI.
· For single CW case, when N is the maximum number of CBGs configured by RRC
· N bits for CBGTI, and the other 1 bit for CBGFI
· FFS: whether re-interpret NDI as CBGFI
· FFS: whether CBGTI is re-interpreted as NDI 
· FFS: whether jointly using other field as CBGTI or CBGFI
· FFS on multiple CW case.
· At least following is supported for DL and UL CBG-based (re)transmission.
· A DCI includes CBGTI.
· For single CW case, N bits for CBGTI as configured by RRC
· FFS: whether CBGTI is re-interpreted as NDI 
· FFS: whether NDI is re-interpreted as CBGTI
· FFS: whether jointly using other field as CBGTI
· FFS on multiple CW case

When the UE is configured with CBG-based transmissions, the DCI needs to carry a bit per CBG indicating which CBG is included, the CBGFI field. The number of CBGs may be configurable and if so, the CBGFI field size can be adapted to the number of configured CBGs. 
Proposal #4: When CBG transmissions are configured, the DCI carries a CBG presence field CBGTI for all transmissions and retransmissions. Each bit in the CBGTI indicates whether or not the corresponding CBG is present in the transmission.

Effectively the NDI in LTE acts like the CBGFI. Contrary to its name the NDI actually does not say if the transmission is new data, or if it is the same TB as previously attempted. It simply indicates whether the UE may soft-combine this transmission attempt with the previous attempt or not. When all the CBGs are present the NDI and the CBGFI have the same meaning – either all CBGs are soft-combinable or none of them are, and thus the CBGFI is redundant. When all CBGs are not present, it is clear that the transmission attempt is related to the earlier transmission, and the NDI becomes redundant. Thus for the NDI-bit can be interpreted as in LTE when all CBGs are present, and as CBGFI when not all CBGs are present.
Table 1: A joint NDI/CBGFI bit truth table
	NDI/CBGFI
	CBGTI
	Action

	Toggled
	All CBGs present
	First Tx of a TB, the buffer should be flushed

	Not toggled
	All CBGs present
	Re-Tx of a TB, soft-combinable with a previous attempt

	Not toggled
	Not all CBGs present
	Re-Tx of indicated CBGs, CBGFI = present CBGs are soft-combinable

	Toggled
	Not all CBGs present
	Re-Tx of indicated CBGs, CBGF = present CBGs are not soft-combinable



Proposal #5: For initial transmission, the CBGTI field indicates that all CBGs are present
Proposal #6: When the CBGTI field indicates that all CBGs are present, the NDI field is interpreted as in LTE
Proposal #7: When the CBGTI field indicates that not all CBGs are present, the UE assumes that the transmission is a retransmission, and the NDI field is reinterpreted as CBGFI bit


3.1	Error analysis of joint NDI/CBGFI bit 
Error case 1: Initial transmission is lost, the gNB retransmits prior to receiving (or not receiving) HARQ-ACK due to puncturing event, and thus not having any possibility to know that the initial transmission was completely lost.

Initial transmission attempt: NDI = 0, CBGTI: 1111, puncturing event hit the last two CBGs
· UE loses PDCCH
Retransmission: NDI = 1, CBGTI: 0011
· The UE knows from CBGTI that the transmission is not a new transmission
· The UE determines that this may be the first instance of a new packet, as the earlier TB with NDI ‘1’ was already delivered correctly. It decodes the CBGs transmitted and feeds the CBG ACK bits to the gNB accordingly
· If this was an error event from the gNB and it actually was NOT a new packet, the UE eventually receives the same TB the second time
· If this was a correct determination of a lost initial transmission attempt. the gNB can proceed with the missing CBGs as indicated by the HARQ-ACK

Error case 2: Initial transmission is lost, the gNB misdetects that there was HARQ-ACK feedback

Initial transmission attempt: NDI = 0, CBGTI: 1111
· UE loses PDCCH
· gNB misdetects that there was HARQ-ACK feedback from the UE
gNB acts according to the misdetected HARQ-ACK. 
· If ACK, decoded then NACK-to-ACK error has happened and the packet is lost by the L1. Can happen without CBG and regardless of how NDI/CBGFI info is conveyed
· If partial ACK is decoded, e.g. 1st two CBGs correct, last two CBGs fail.
Retransmission: NDI = 0, CBGTI: 0011
· The UE determines that this may be the first instance of a new packet, as the earlier TB was NDI ‘1’ was already delivered correctly. It decodes the CBGs transmitted and feeds the CBG ACK bits to the gNB accordingly
· The gNB can proceed with the missing CBGs as indicated by the HARQ-ACK

Observation #1: The identified signalling error cases from using 1 bit to deliver both NDI and CBGFI do not lead to NACK-to-ACK errors or lost packets
4  	HARQ feedback for CBG-based (re)transmissions
In this section, we focus on the discussion of HARQ ACK feedback for CBG-based (re-)transmission. In RAN1#88bis, RAN1#89 and RAN1#90, the following has been agreed on HARQ ACK feedback for CBG-based (re-)transmissions:
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: 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 single CW case with CBG based retransmission for the semi-static codebook with HARQ ACK multiplexing, at least following is supported for the HARQ ACK composition and mapping per TB
· HARQ ACK codebook includes HARQ ACK corresponding to all the CBGs (including the non-scheduled CBG(s))
· At least followings are supported
· HARQ ACK payload size is the same with the configured number of CBGs
· Each HARQ ACK bit corresponds to each CBG
· FFS payload size reduction
· ACK is reported for a CBG if the same CBG has been successfully decoded
· FFS how to handle the case if TB CRC check is not passed while CB CRC check is passed for all the CBs
One of the remaining open issues is the support of dynamic codebook determination with CBG-based transmissions. Dynamic HARQ ACK codebook can facilitate more efficient use of UL resources together with flexible PUCCH resource determination when UE has less HARQ ACKs to report than the configured maximum amount of HARQ ACKs. Such situations can occur with HARQ ACK multiplexing for multiple PDSCH as well as for multiple component carriers. It has been agreed in RAN1#88bis that HARQ ACK multiplexing for multiple PDSCHs of one or more carriers is supported. It was agreed in RAN1#90 that both semi-static and dynamic HARQ-ACK codebook are supported for NR CA. It should be also noted that dynamic codebook adaptation can provide substantial gains with GBG-based transmissions due to considerable number of CBG HARQ ACKs per PDSCH. 
With dynamic codebook determination, mechanisms are necessary to handle error cases when one or more DL assignments are not successfully received. In LTE, DAI has been used for error case handling. A challenge is faced when the number of HARQ ACK bits per PDSCH is variable, as UE detects that a DL assignment was missed but cannot determine how many ACK bits should be reported for the missed PDSCH as illustrated in Figure 1. The problem can be solved several ways, e.g.:  
· One solution is to report maximum number fo ACK bits for all PDSCHs, but this leads to excessively large ACK codebook in the case of CBG based transmission. 
· Another solution is to increase the range of DAI to avoid ambiguity, and increment DAI per reported ACK bit, not per DL assignment. . For example, assuming 6 CBGs are configured, the number of HARQ ACK feedback bits per TB can vary from 1 to 6 bits. Assuming DAI is designed to handle up to 2 back-to-back missing DL assignments, the number of states that DAI needs to support is 6*(2+1) = 18 states, i.e. 5 bits. On the other hand, if we assume fixed HARQ ACK feedback bits per TB, DAI only needs to support 3 states, i.e. 2 bits, which saves 3 bits in DCI. If we consider both counter DAI and total DAI, the saving would be doubled.
· A third, promising, approach is to apply separate DAI processes for TB based transmissions and CBG based transmissions, determining HARQ ACK sub-codebooks separately for TB based transmissions and CBG based transmissions and concatenating sub-codebooks for a joint transmission. The same mechanism is discussed in the context of CA and mini-slots in our companion contributions [1] and [2], respectively. The requirement is that the number of the number of CBG HARQ ACK bits per TB remains fixed.
· In the approach, separate DAI processes (counter DAI, total DAI) are used to determine HARQ-ACK sub-codebooks separately for TB based and CBG based transmissions.
· Special attention is needed to the error case that can occur when there is only one scheduled PDSCH associated to a (e.g. CBG) ACK sub-codebook. If UE misses that DL assignment, UE will not include the corresponding sub-codebook at all, leading to erroneous ACK ordering in the overall codebook. 
· This error case can be simply solved e.g. by adding one bit on the TB based PDSCH DL assignment indicating whether gNB may possibly schedule CBG-based PDSCH(s) with ACK reported on the same UL transmission. The indication does not need to based on actual / final scheduling decisions.    
· If the bit indicates possible CBG-based transmissions, UE includes a CBG HARQ-ACK sub-codebook of at least minimum size (e.g. corresponding to 2 DL assignments) to the concatenated codebook – also when UE does not detect even single DL assignment for CBG-based transmissions.
Hence we see that dynamic HARQ ACK codebook determination could – and should – be supported for also for CBG-based transmissions. Not supporting dynamic codebook determination for CGB-based transmission would create significant limitation on the use of CBG-based transmissions as well as on HARQ feedback. 
Observation #2: HARQ ACK multiplexing with dynamic HARQ ACK codebook determination can be supported for CBG-based (re-)transmissions with fixed HARQ ACK feedback size per TB.
[image: ]
Figure 1. HARQ ACK feedback ambiquity with single DAI process over TB and GBG based transmissions.
Another question is whether dynamic determination should be extended also to the number of CBG HARQ ACK bits per TB as part of dynamic HARQ ACK codebook determination. The number of CBG ACKs can be less than the configured number of CBGs in 3 cases:
· Case 1: when the number of CBs in a TB is smaller than the configured number of CBGs for an initial transmission
· Case 2: retransmission, where only some CBGs may be transmitted.
· Case 3: UE determines based on the decoding outcome of CBGs that a smaller number of ACKs is sufficient, e.g. a single ACK or NACK per TB when all decoding of all CBGs succeeds or fails. 
Case 1 and Case 2 require more states for DAI to avoid ambiguity as discussed above. We need to evaluate the tradeoff between the additional DL DCI overhead (to handle the DCI decoding errors) vs. the UL UCI overhead savings. Our preliminary analysis suggests that the DL DCI overhead can be potentially quite large for a reasonable number of CBGs (e.g. 8) with DAI-like approach. Further, 
· Gains expected from Case 1 may be reduced if dynamic DCI-based selection between TB-based and CBG-based transmissions is supported. So we need to take such mechanism into account when assessing the benefits from dynamic number of CBG HARQ ACKs per TB. 
· Case 2 can be expected to yield only small reduction in PUCCH overhead as the operation is limited to only to retransmissions. 
· Reducing the number of ACKs according to Case 3 is expected to be complicated to handle, as UE autonomously determines the codebook size. Further, gNB may need to reserve PUCCH resources for both small and large ACK codebook, resulting actually in increased PUCCH overhead instead of reduced PUCCH overhead. 
Given these discussions, we think it is reasonable to support HARQ ACK multiplexing with dynamic HARQ ACK codebook determination at least with fixed HARQ ACK feedback size per TB. We see the varying number of scheduled PDSCHs and scheduled component carriers as main motivation for dynamic codebook determination, not the varying number of CBG ACKs per TB. However, the dynamic feedback size per TB and more efficient ways of handling the error cases can be further investigated. 
Proposal #8: For CBG-based (re-)transmissions, fixed HARQ ACK feedback size per TB is supported also for HARQ ACK multiplexing with dynamic HARQ ACK codebook determination. 
6	Conclusions
This contribution discussed the remaining aspect of the Code Block Group based transmission, and the following proposals are made with regard to the construction of the code block groups:
Proposal #1: No additional L1 signalling is needed for derivation of the number of CBGs per TB and the following RAN1#90 agreement holds for all cases: The number M of CBG(s) in the TB equals to min(C, N), where C is the number of CB(s) within the TB, and the maximum number N of CBG(s) per TB is configured by RRC signaling.
Proposal #2: The maximum number of CBGs should be configurable with value range of 4-12.
Proposal #3: Dual CW transmission treats the two TBs independently of each other; The gNB configures the maximum number of CBGs per TB, and each TB has the same maximum number of CBGs.

The following proposals are made with regard to the downlink control signaling:
Proposal #4: When CBG transmissions are configured, the DCI carries a CBG presence field CBGTI for all transmissions and retransmissions. Each bit in the CBGTI indicates whether or not the corresponding CBG is present in the transmission.
Proposal #5: For initial transmission, the CBGTI field indicates that all CBGs are present
Proposal #6: When the CBGTI field indicates that all CBGs are present, the NDI field is interpreted as in LTE
Proposal #7: When the CBGTI field indicates that not all CBGs are present, the UE assumes that the transmission is a retransmission, and the NDI field is reinterpreted as CBGFI bit
Also a new observation is made:
Observation #1: The identified signalling error cases from using 1 bit to deliver both NDI and CBGFI do not lead to NACK-to-ACK errors or lost packets

The following proposal are made with regard to the uplink control signaling:
Observation #2: HARQ ACK multiplexing with dynamic HARQ ACK codebook determination can be supported for CBG-based (re-)transmissions with fixed HARQ ACK feedback size per TB.
Proposal #8: For CBG-based (re-)transmissions, fixed HARQ ACK feedback size per TB is supported also for HARQ ACK multiplexing with dynamic HARQ ACK codebook determination. 
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