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1. [bookmark: DocumentFor][bookmark: _Ref449341288][bookmark: _Toc273549427]Introduction 
In RAN1 #89, NRAH2 and #90[1][2][3], the following agreements on CBG-based (re)-transmissions were reached:
	No.
	Agreement

	1
	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.
· For preemption indication;
· When configured, the indication tells the UE(s) which DL physical resources has been preempted.
· The preemption indication is transmitted using a PDCCH.
· The preemption indication is not included in the DCI that schedules the (re)transmission of the data transmission.
· FFS: the granularity of the time and/or frequency resources.
· FFS: what DCI is used.
· FFS: timing of the preemption indication. 

	2
	Agreements:
· For grouping CB(s) into CBG(s), following is adopted.
· With indicated number of CBGs, the number of CBs in a CBG changes according to TBS.
· FFS for the case of re-transmission or the case when the number of CBs is smaller than the indicated number of CBG 
FFS “indicated” is realized by RRC, MAC, L1 signaling

	3
	Agreements:
At least following is supported.
For a given number of CBGs for a given TB, the number of CBs per CBG should be as uniform as possible.
The difference of CB number per CBG between any two CBGs is either 0 or 1.
FFS on the detailed rule for the CB grouping.
Study further benefit and realization of non-uniform CB distribution across CBGs.

	4
	Agreement:
· When uplink CBG-based (re)transmission is configured, the UL grant indicates which CBG(s) of a TB is/are retransmitted

	5
	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

	6
	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. 

	7
	Agreements:
· Confirm the working assumption that, for initial transmission and retransmission, each CBG of a TB has the same set of CB(s).

	8
	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 Reducing HARQ-ACK bits with CBG HARQ-ACK for CA 
When a UE is configured with both carrier aggregation and CBG HARQ-ACK, it can have largely varying UCI sizes depending on 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 is 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. 
One possible method is the following: Two types of HARQ-ACKs are introduced under CA and multiple-K1 scenarios, one is TB HARQ-ACK for all TBs and the other one is CBG HARQ-ACK just for TBs that are decoded incorrectly. The two types of HARQ-ACKs can be sent via two PUCCHs in a slot. 
An example to further illustrate the above method is shown in Figure 1 below and further described in the following text.


Figure 1 HARQ-ACK feedback timing is illustrated under CA and multiple-K1 scenarios
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:
· TB-level: The TB HARQ-ACK bits are "1111, 1011, 1111, 1111"
· CBG-level: The CBG HARQ-ACK bits are "1011, 1111, 11" 
The total number HARQ-ACK bits is 26.. If the conventional method is used, reporting ACK/NACK for all CBGs, the total HARQ-ACK bits will be 160 bits.
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. So we think that the above method can effectively reduce HARQ-ACK bits under CA and multiple-K1 scenarios.
Proposal 1: CBG transmission shall be supported for CA and multiple-K1 scenarios.
Proposal 2: At least under CA and multiple-K1 scenarios, two types of HARQ-ACKs are introduced, one is TB HARQ-ACK for all TBs and the other one is CBG HARQ-ACK for TBs that are decoded incorrectly.
TB HARQ-ACK bits 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 number of needed CBG HARQ-ACK bits is changing with the number of TBs that have not been correctly decoded. The needed PUCCH format and resources 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 CBG HARQ-ACK.
[bookmark: p2][bookmark: p1][bookmark: p3][bookmark: p4]2.2 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 limit number of feedback 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. 4 bits can be saved compared to 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, 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 represent 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 2.1.
Proposal 3: HARQ -ACK compression scheme should be considered for HARQ-ACK payload reduction.
3. Conclusion
In our view the CBG based (re)transmissions are an important feature of NR. They help to protect the eMBB performance for the case of pre-emption and are also needed to maintain the transmission efficiency when the number of CBs in the TB increases. CBG based (re)transmissions should not impose restrictions on the flexibility how to use CA and scenarios with multiple K1 values (i.e. different timing between TB/PDSCH transmission and HARQ-ACK feedback). Therefore, the increased HARQ feedback load that is associated with CBGs (re)transmission should be addressed from the beginning and feedback overhead compression schemes shall be considered. In summary, we are making the following proposals.
Based on the analysis given above, we have the following observations and proposals:
Proposal 1: CBG transmission shall be supported for CA and multiple-K1 scenarios.
Proposal 2: At least under CA and multiple-K1 scenarios, two types of HARQ-ACKs are introduced, one is TB HARQ-ACK for all TBs and the other one is CBG HARQ-ACK for TBs that are decoded incorrectly.
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.
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.
[bookmark: _GoBack]Proposal 3: HARQ -ACK compression scheme should also be considered for HARQ-ACK payload reduction.
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