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1. [bookmark: DocumentFor][bookmark: _Ref449341288][bookmark: _Toc273549427]Introduction 
In previous RAN1 meetings, the following agreements on CBG-based (re)transmissions were reached [1][2][3][4][5]:
	No.
	Agreement

	1
	Agreements:
· HARQ-ACK multiplexing for multiple PDSCHs of one or more carriers is supported.
· FFS: in case of CBG-based re-transmission. 

	2
	Agreements:
· When uplink CBG-based (re)transmission is configured, the UL grant indicates which CBG(s) of a TB is/are retransmitted

	3
	Agreements:
· For a UE configured with CBG-based (re)transmission, the same DCI payload size is assumed for initial transmission and retransmission for the same TB(s)
· Note that this doe not intend to address fallback DCI aspect
· L1 signalling to indicate the number of CBGs per TB is not supported in Rel-15

	4
	Agreements:
· At least for single CW case
· The maximum number N of CBG(s) per TB is configured by RRC signaling
· 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. 

	5
	Agreements:
· Confirm the working assumption that, for initial transmission and retransmission, each CBG of a TB has the same set of CB(s).

	6
	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


CBG HARQ-ACK has been agreed to be supported in NR, with the details being finalized. A typical mode of operation can be that the gNB configures the number of CBGs for a component carrier with RRC signalling, and that the CBG HARQ-ACK for that CC will be fed back in a PUCCH, possibly in the form of a bitmap. The current agreements focus on the case of feeding back the CBG HARQ-ACK for a single codeword and not for the case of PDSCH HARQ-ACK multiplexing.
In this document, we discuss the reduction of the HARQ-ACK overhead based on CBG HARQ-ACK for the following cases:
· Multi-codeword case
· When the carrier aggregation(CA) is configured and in one  slot one CC needs to carry HARQ-ACK for multiple PDSCHs
2. Discussions
2.1 HARQ-ACK multiplexing for CBG HARQ-ACK 
At meeting NR#3, for HARQ-ACK multiplexing and bundling, a summary from the offline discussion has been provided [6]. The support of HARQ-ACK multiplexing for multiple PDSCHs of one or more carriers has been agreed in the 88bis. For the case of CBG-based (re)transmission, HARQ-ACK multiplexing should also be supported. The motivation for CBG-based (re)transmissions is to improve the spectrum efficiency for large TB sizes or in the case when sporadic URLLC traffic pre-empts ongoing eMBB transmissions.  HARQ-ACK multiplexing for multiple PDSCHs of one or more carriers should be supported for the case of CBG-based (re)transmissions. 
Proposal 1: HARQ-ACK multiplexing for multiple TBs/PDSCHs of one or more carriers is supported for the case of CBG-based (re)transmission.
According to the outcome of the off-line discussion [6], following features should also be supported.
· HARQ-ACK multiplexing
· First for Over multiple slots
· Dynamic and semi-static HARQ-ACK codebook
· Dynamic and semi-static HARQ-ACK feedback timing
· Over multiple carriers with the same SCSs
· Dynamic and semi-static HARQ-ACK codebook
· Dynamic and semi-static HARQ-ACK feedback timing
· Over multiple CWs
· semi-static HARQ-ACK codebook
· Dynamic and semi-static HARQ-ACK feedback timing
· Over multiple CBGs in a TB
· semi-static HARQ-ACK codebook
· Dynamic and semi-static HARQ-ACK feedback timing
· Some or all of the combinations above
HARQ-ACK bundling with binary “AND” operation of multiple HARQ-ACK bits can reduce the number of feedback bits for the UE. It is an efficient way to improve the coverage and capacity of UL control, especially for cell-edge UEs. On the other hand, one disadvantage of HARQ-ACK bundling is the spectrum efficiency loss since when the result of the “AND” operation is NACK all the data packets need to be retransmitted even if only 1 HARQ-ACK bit is NACK. Therefore, when HARQ-ACK bundling is discussed, the correlation of the data packets or the channel quality should be considered, i.e., bundling across data which being transmitted in similar (highly correlated) channel conditions is preferable.
If HARQ-ACK bundling is supported, LTE-like approaches can be considered, for example bundling across slots with different TBs/DL transmissions and bundling across spatial transmissions. Bundling across different CBGs is not needed on the other hand, that would in fact counter-act the original spirit behind CBGs, i.e. to break a TB into smaller units and to acknowledge them independently. To reduce the number of feedback bits for CBGs, different methods than bundling should be used 
In addition, we have the following views. If the CBG (re)transmission is configured, HARQ-ACK bundling can affect the CBG retransmission mechanism. Even though HARQ-ACK bundling can significantly reduce overhead, it should be used with caution. Other methods should be studied in order to reduce the HARQ-ACK multiplexing overhead for multiple TBs. A well suited method is that that one that does not affect the CBG mechanism, one candidate is described in the following section 2.2.
2.2 Reducing HARQ-ACK bits with CBG HARQ-ACK for CA/multiple TBs 
In NR, CBG (re)transmission is supported in order to further improve the spectrum efficiency of the data transmission, but at the same time a large number of HARQ-ACK bits are also introduced. These are the obvious advantages and disadvantages of CBG (re)transmission. In our view, the HARQ overhead is a seriously limiting factor for the overall performance of CBG transmissions. This becomes especially evident for the case of HARQ-ACK multiplexing for multiple TBs. When a UE is configured with both carrier aggregation and CBG HARQ-ACK, it can have largely varying UCI sizes depending on the number of configured/scheduled component carriers and CBG configurations. It is possible that the UE needs to feedback multiple sets of CBG HARQ-ACK in one PUCCH in one slot.
For example, if a UE is configured to perform CBG HARQ-ACK with 10 bits for HARQ-ACK for one CC and there are 5 CCs, the UE may need to budget for 50 bits for the PUCCH to carry the CBG HARQ-ACK for all CCs (as the total number of HARQ-ACK bits needs to be selected to handle the worst case).
Another example is when K1 (i.e. different timing between TB/PDSCH transmission and HARQ-ACK feedback) can be dynamically indicated in DCI, and K1 can be 1, 2, 3, or 4. Then, the HARQ-ACK transmitted in slot N can be for the TBs/PDSCHs from the previous slots N-1, N-2, N-3 or N-4. In other words, there can be 4 TBs/PDSCHs transmissions requiring HARQ-ACK feedback in the same slot N. If for this CC, a 10-bit CBG HARQ-ACK is configured, we will need to budget for 40 bits in PUCCH to handle the worst case as well.
As a result, for HARQ-ACK when CBGs are configured, the overhead will be large when CA and adaptive K1 also are used. Hence, overhead reduction methods should be considered from the beginning of NR. We need to find methods to reduce the required HARQ-ACK bits in order to make the CBG HARQ-ACK feature sustainable under CA and multiple-K1 scenarios. 
We should try to find a method that is able to keep the CBG retransmission mechanism unaffected and reduces the HARQ-ACK overhead in the case of HARQ-ACK multiplexing for multiple TBs. 
One possible method is the following: When the CBG retransmission and the HARQ-ACK multiplexing for multiple TBs are configured for UEs, the HARQ-ACK is divided into two parts, the first part is TB HARQ-ACK for all TBs and the second part is CBG HARQ-ACK just for TBs that are decoded incorrectly. The payload size for the first part is determined based on the number of TBs scheduled. The payload size for the second part is determined by the number of NACK TBs from the first part. Both parts are sent in a slot.
[image: ]
Figure 1- HARQ-ACK feedback timing is illustrated under CA and multiple-K1 scenarios
An example to illustrate the above method is shown in Figure 1. It is assumed that one UE is configured and activated with five CCs and also with CBG HARQ-ACK. The adaptive K1 indicates the same slot to feedback HARQ-ACK for the four slots being scheduled. The UE is scheduled as shown in figure 1. The UE first forms the TB HARQ-ACK according to the reception and decoding, and then forms the CBG HARQ-ACK for the TB that has not been correctly decoded. In this example, it is assumed that the TB in slot n+1 in CC1 is not correctly decoded. Assume that for this TB the second CBG is not decoded correctly whereas the remaining are all received error-free. The resulting HARQ-ACK bits are the represented as follows:
· The first part for TB-level: The TB HARQ-ACK bits are "1111, 1011, 1111, 1111". Each TB corresponds to 1 bit, a total of 16 TBs. The payload size of the first part for TB HARQ-ACK is determined based on the number of TBs scheduled.
· The second part for CBG-level: The CBG HARQ-ACK bits are "1011, 1111, 11" . Since only the one TB is not correctly decoded in 16 TBs. The payload size of the second part for CBG HARQ-ACK is determined by the number of NACK TBs from the first part.
The total number HARQ-ACK bits are then 26. If the conventional method is used, the reporting of ACK/NACK for all CBGs, the total HARQ-ACK bits will be 160. 
Because the probability that a TB is correctly decoded is about 90%, the number of CBG HARQ-ACK bits will be less because the number of TBs that are not correctly decoded is very small. It can also be said that the increased TB HARQ-ACK bits are less than the CBG HARQ-ACK bits for the correct TBs. Obviously, the HARQ-ACK overhead is greatly reduced by this scheme and the CBG retransmission mechanism is not affected.
Proposal 2: When the CBG retransmission and the HARQ-ACK multiplexing for multiple TBs are configured for UEs, the following method is used to reduce the HARQ-ACK overhead.
· The HARQ-ACK is divided into two parts, the first part is TB HARQ-ACK for all TBs and the second part is CBG HARQ-ACK just for TBs that are decoded incorrectly. 
· The payload size for the first part is determined based on the number of scheduled TBs. TB DAI can be supported.
· The payload size for the second part is determined by the number of NACK TBs from the first part. 
· Both parts are sent in a slot.
The payload size of the first part can be obtained according to the number of scheduled TBs, so its corresponding PUCCH format can be determined and the base station can assign a corresponding PUCCH resource. 
The payload size of the second part is changed according to the number of NACK TBs from the first part. The PUCCH format and resources for the second part can be studied further. In most cases, the number of TBs that are not correctly decoded is small and scales proportionally to the number of scheduled TBs. Thus, a certain amount of resources can be allocated for the PUCCH carrying the second part.
[bookmark: p2][bookmark: p4][bookmark: p1][bookmark: p3]2.3 Further Compression for HARQ-ACK
Besides the method mentioned above for HARQ-ACK payload reduction, further reduction schemes should also be considered. HARQ-ACK compression is a promising method. In order to make an explicit basis for the compressed HARQ-ACK scheme, we firstly analyze the behavior of the CBG error probability. Assume a TB contains N CB(s), the probability of a CB correctly received is p.Assume further that each CB has the same error rate and that the reception of CBs within a TB is independent from each other (commonly called IID, independent and identically distributed).
Then, the probability Y (k) of k CBs correctly received within the TB is calculated as:


Assume p=0.9 and N=10, we will have the Y(k) as illustrated in Figure-2.

Figure-2: distribution of the Y (k)
From Figure-2, we can find that the probability of correctly received CBs with larger number (k>=8) is dominant. We can use a limited number of feedback bits to indicate the dominant cases. For example, if we want to indicate the cases of correctly received 8 to 10 CBs, then 6 bits are enough to indicate the receiver states, which includes more than 92% probability that indeed happen. With this approach 4 bits can be saved compared to a CB based bitmap feedback. 
Table-1: Required bits for different indicated states
[image: ]
Observation 1:  The probability of correctly received CBs in a TB with large number is dominant.
· Compression can be applied to indicate the dominant cases.
Compared to the compression scheme mentioned above, a smaller number of CBGs configured for the HARQ-ACK feedback is another solution for HARQ-ACK payload reduction. In the following, we compared these two HARQ-ACK payload reduction schemes from the probability of CB retransmission based on numerical analysis.
Figure-3 illustrates the three HARQ-ACK feedback schemes for comparison. The non-compression/non-bundling per CB scheme is representing the baseline.






Figure-3: HARQ-ACK feedback schemes for comparison.
Table-2 gives the CB retransmission probability for different p values. For the CBG-based scheme-2, if there is an NACK in the CBG, all CBs in the CBG should be retransmitted. And for the compression based Scheme-3, if the number of error CBs is 1, only one CB is retransmitted. And if the 2 CBs error falls in the mapping table as shown in Table-A2[footnoteRef:1], 2 CBs are retransmitted. Otherwise, all CBs (10CBs) are retransmitted. From Table-2, we can find that the CB retransmission probability of Scheme-3 will be smaller than Scheme-2 as p increases. Since p is the probability of a CB correctly received, in order to achieve the target BLER of a TB is about 10%, p will be higher than 90% in general. That is, the proposed HARQ-ACK compression scheme can provide better performance than the CBG-based HARQ-ACK scheme in higher p value. [1:  Note that the mapping in Table-A2 is just an example for illustration. Other mapping is not precluded.] 

Table-2: comparison of CB retransmission probability for different HARQ-ACK feedback scheme
[image: ]
Observation 2: With the same feedback payload size, the compressed feedback method reduces the amount of retransmitted data effectively compared to the CBG-based HARQ-ACK scheme.
Although the analysis is based on CBG HARQ-ACK, similar observations may also be found for TB/CC HARQ-ACK. Therefore, the proposed HARQ-ACK compression scheme can be applied for both TB HARQ-ACK feedback and CBG HARQ-ACK feedback as mentioned in section 2.2.
Proposal 3: HARQ -ACK compression scheme should be considered for HARQ-ACK payload reduction.
3. Conclusion
In our view HARQ A/N multiplexing for multiple TBs/PDSCHs of one or more carriers should be supported together with CBG based transmissions. In this case, however, the feedback payload can become very large and overhead reduction/compression scheme should be supported. HARQ bundling is an important feature to decrease the feedback overhead in normal operation. However, for CBG based operations, HARQ bundling is not feasible. This approach actually would counteract the spirit of CBGs to break and TB into smaller units that are acknowledged independently. Instead, other overhead reduction should be studied.    
Based on the analysis given above, we have the following proposals:
Proposal 1: HARQ-ACK multiplexing for multiple TBs/PDSCHs of one or more carriers is supported for the case of CBG-based (re)transmission.
Proposal 2: When the CBG retransmission and the HARQ-ACK multiplexing for multiple TBs are configured for UEs, the following method is used to reduce the HARQ-ACK overhead.
· The HARQ-ACK is divided into two parts, the first part is TB HARQ-ACK for all TBs and the second part is CBG HARQ-ACK just for TBs that are decoded incorrectly. 
· The payload size for the first part is determined based on the number of scheduled TBs. TB DAI can be supported.
· The payload size for the second part is determined by the number of NACK TBs from the first part. 
· Both parts are sent in a slot.
Observation 1:  The probability of correctly received CBs in a TB with large number is dominant.
Observation 2: With the same feedback payload size, the compressed feedback method reduces the amount of retransmitted data effectively compared to the CBG-based HARQ-ACK scheme.
Proposal 3: HARQ -ACK compression scheme should be considered for HARQ-ACK payload reduction.
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