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1. Introduction
In RAN1#89, the following agreements related to CBG-based feedback and retransmission were made [1]:
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In RAN1#90, the following agreements related to CBG-based feedback and retransmission were made [2]:

[image: image2]

[image: image3]
Based on the above agreements, this contribution first discusses compressed feedback of CBG HARQ ACK which is related to “FFS payload size reduction”. In other words, it can enhance the efficiency of CBG-based transmission without excessive feedback overhead. Especially in the case that the feedback overhead of HARQ ACK is very large, such as HARQ ACK feedback of multiple TBs on one channel, reduction of feedback may be needed, as in LTE. The proposed compressed feedback can provide better performance than the ACK/NAK bundling operation in LTE.
After that, we discuss the DCI design related to CBG-based retransmission. Our opinion on CBGTI and CBGFI is given. 
2. Motivation of Compressed CBG-based HARQ-ACK
In order to make an explicit basis for CBG-based HARQ-ACK design, we first analyze the behavior of CBG error probability. Figure 1 and Figure 2 show the CBG error probability as a function of the number of errored CBs, in case of CB error rate 10% and 1%. It can be observed that the CBG error probability with one errored CB is completely dominant, in Figure 2. The tendency we conclude is, the lower the CB error rate, the more dominant the CBG error probability with only one errored CB per TB.
Observation-1: The probability of one errored CBG in TB is typically dominant in HARQ retransmission. The lower the CB error rate, the more dominant the probability of only one errored CBG in a TB.
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Figure 1: Probability of CBG in error vs. number of errored CBs, in case of CB error rate of 10%.
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Figure 2: Probability of CBG in error vs. number of errored CBs, in case of CB error rate of 1%
Thanks to such behaviour of the CB error probability, and recognising that the same behaviour applies to CBGs in error in a TB (i.e., relatively low probability of more than one CBG in error per TB), we can efficiently design the CBG-based HARQ-ACK, aiming to compress the total HARQ-ACK payload size. Here, we emphasize the cases of CBGs in a TB with “all CBGs with ACK”, “any one CBG with NAK” and “all CBGs with NAK”.  A simple design of compressed group pattern is possible as long as the number of different HARQ-ACK payload indices is at least 2 larger than the number of CBGs in a TB. For example, given 6 CBGs contained in a TB, and 3bits for HARQ-ACK payload, we are able to utilize 8 indices to indicate different CBG HARQ-ACK cases,


all CBGs with ACK (no retransmission)


→

index 1


any one CBG with NACK (only one CBG retransmission)
→
index 2-7

all CBGs with NACK (TB-based retransmission)

→
index 8
Table 1 details the probability of retransmission for both non-compressed bit-mapping per CBG and compressed HARQ-ACK, in case of CB error rate of 1%, 5% and 10%. The detailed of the calculation is provided in Annex. Evidently, the reduction of the probability of retransmission by the compressed group patterns can be guaranteed. That means the efficiency of HARQ transmission improves by using compressed HARQ-ACK information with the same payload size as bit-mapping HARQ-ACK because less CBGs are retransmitted.
In this example, three bits (eight indices) are used to exactly cover three levels, the index 8 is used for any cases not covered by other indices. More general operation of compression is discussed in next section.
Table 1: Probability of retransmission, in case of 6 CBGs in a TB, with 3 HARQ-ACK payload bits.
	CB error rate
	Bit-mapping HARQ-ACK
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	Compressed HARQ-ACK
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	1%
	1.99%
	1.09%

	5%
	9.75%
	7.15%

	10%
	19.00%
	17.33%


Observation-2: With the same payload size, the compressed feedback method reduces the amount of retransmitted data effectively compared to the bit-mapping feedback method.
3. Compressed group patterns of errored CBGs
In the example of compressed HARQ-ACK in Table 1, each index from 1-7 corresponds to one pattern of errored CBGs in  the groups of “all CBGs with ACK” and “any one CBG with NAK” one index, while the index 8 corresponds to the group of all the rest patterns of errored CBGs. In general, there can be multiple indices each of which corresponds to multiple patterns of errored CBGs. Figure 3 shows such an example for the case of 4 CBGs with 3 HARQ-ACK payload bits. 
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Figure 3: Compressed HARQ-ACK feedback in case of 4 CBGs with 3 HARQ-ACK payload bits.
In this scheme the feedback information consists of 4 levels; and each level pertain to a corresponding number of feedback states (i.e. 1, 4, 2, and 1 index values respectively). This number of states requires 3 HARQ-ACK payload bits for HARQ error index feedback. It should be noted that based on such feedback, any retransmission should be scheduled based on the pattern with most NAKs in the group. This means that additional CBGs in ACK status in level-4 are inevitably scheduled for retransmission, resulting in throughput performance degradation. However, in typical cases the probability of this kind of event is quite low. Relying on correct configuration of multilevel CBG-based HARQ-ACK, in what follows, the retransmission probability of unnecessary CBGs which were received with ACK status can be minimized.
Table 2 compares the probability of retransmission between compressed HARQ-ACK and non-compressed bit-mapping with 3 or 4 HARQ-ACK payload bits. For simplicity, the number of CBs is assumed as 4. It can be observed that the probability of CB retransmission with the compressed feedback method is 11.46%, which is 1.46% higher than the target of 10% which can be achieved using bit-mapping HARQ-ACK. However, it requires 3 bits for HARQ-ACK payload, and saves 25% HARQ-ACK control channel. 
Now for comparison, we calculate the probability of retransmission for the bit-mapping scheme with 3bits HARQ-ACK payload, by means of 2CBs indicated by 1bit, and 2CBs by 2bits. The resultant probability is 13.0%, which is 1.54% higher than the multilevel HARQ-ACK system.
Observation-3: For a given number of feedback bits, the compressed HARQ-ACK guarantees a lower probability of CB retransmission than bit mapping without any additional cost.

Table 2: Probability of retransmission with comparison between compressed HARQ-ACK and bit-mapping HARQ-ACK, in case of 4 CBs, with 3 or 4 HARQ-ACK payload bits.
	
	Bit-mapping HARQ-ACK
	Multilevel HARQ-ACK

	Payload
	4 bits
	3 bits
	3bits
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	0
	0.6561
	0
	0.87
	0
	0.6561
	0

	1
	0.2916
	0.0729
	0.06
	0.06
	0.2916
	0.0729

	2
	0.0486
	0.0243
	-
	-
	-
	-

	3
	0.0036
	0.0027
	-
	-
	0.0423
	0.0317

	4
	0.0001
	0.0001
	0.07
	0.07
	0.01
	0.01

	Total
	1
	0.1
	1
	0.13
	1
	0.1146


As CBG-based transmission increases the amount of HARQ-ACK information significantly, the tradeoff between the efficiency of data transmission and the overhead of feedback needs to be considered well. Especially for the case of HARQ ACK feedback of multiple TBs on one channel, the total number of bits may go beyond the capacity of any efficient PUCCH format. In LTE, ACK/NACK bundling by an “AND” operation is used to simply select a reasonable tradeoff point for the HARQ ACK payload size. The above comparison based on Table 1 and Table 2 suggests that compressed HARQ-ACK can outperform the LTE-like bundling operation.
Proposal 1: In order to reduce the CBG-based HARQ-ACK payload size, especially for the case of HARQ ACK feedback of multiple TBs on one channel, compressed feedback of CBG HARQ ACK can be used.
4. CBGTI and CBGFI in DCI
It was agreed that CBGTI (CBG transmission information) and CBGFI (CBG flushing out information) should be included in the DCI. In our opinion, N bits for CBGTI, and the other 1 bit for CBGFI, should be included in a DCI, which is shown in the following figure 1. 
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Fig. 1.  DCI for CBG-based (re)transmission
Proposal 2: The DCI for CBG-based (re)transmission should include N bits for CBGTI and another 1 bit for CBGFI.
Furthermore, to minimize the signaling overhead associated with CBG-based transmission, we show that reusing the same CBG information fields in the DCI for both the cases of transmission and re-transmission is a feasible method. For example, using the bits of the CBG indicator for the same purpose as the NDI (new data indicator) improves control channel efficiency. 
Two examples for using the bits of CBGTI are introduced in sections 4.1 and 4.2, respectively.
4.1. Method based on bit-map

Table 3 Example of bit-map based CBGTI
	CBGTI
	(Re)Transmitted CBGs

	
	CBG #1
	CBG #2
	CBG #3
	CBG #4

	0000
	I
	I
	I
	I

	0001
	
	
	
	R

	0010
	
	
	R
	

	0011
	
	
	R
	R

	0100
	
	R
	
	

	0101
	
	R
	
	R

	…etc
	
	
	
	

	1111
	R
	R
	R
	R


[Note] I: Initial transmission; R: Retransmission, otherwise the CBG is not (re-)transmitted
Table 3 gives an example of using the bits of the CBGTI for both signalling which CBGs are retransmitted and as NDI (new data indicator). As shown in the table, 4 CBGs are configured for this TB. Here4 CBG indicator bits are used to indicate which CBGs are retransmitted. These 4 bits can also be used to indicate whether it is new data or not as well. For example, 0000 means the initial TB-level transmission. This bit pattern can also be used to notify the MAC layer that it is new data (equivalent to NDI being toggled). The other bit patterns correspond to a bit-map showing which CBGs are retransmitted. Thus, patterns 0001to1111 mean no new data. 
Observation- 4:  A CBGTI bits can also indicate the transmission of new data without using an additional NDI. 

4.2. Compressed CBG indication method 

Compressed CBG indication in DCI is a method proposed to reduce DCI overhead. This is based on the understanding that some cases of CBG retransmission are much more likely to occur than others. For example, with uniform probability of erroneous CB reception it is quite likely than only one CBG in the TB will be received in error. This behaviour also motivates compressed feedback for CBG HARQ ACK/NACK. In our accompanying contribution [3], it is shown that for a given number of feedback bits compressed feedback for CBG HARQ ACK/NACK guarantees a lower probability of CB retransmission than bit mapping. Compression of the number of CBG HARQ ACK/NACK feedback bits is also compatible with the corresponding compression of the CBG indication. Table 2 shows such an example corresponding to Figure 1 in [3].  As indicated in [3], this compression is lossy. By utilizing the stochastic behaviour of errored CBGs pattern, the retransmission probability of unnecessary CBGs which were received with ACK status can be minimized. It can be seen that as in Table 4, additional NDI is also not needed.

Table 4 Example of compressed CBGTI
	CBGTI
	(Re)Transmitted CBGs

	
	CBG #1
	CBG #2
	CBG #3
	CBG #4

	000
	I
	I
	I
	I

	001
	R
	
	
	

	010
	
	R
	
	

	011
	
	
	R
	

	011
	
	
	
	R

	101
	R
	R
	R
	

	110
	
	R
	R
	R

	111
	R
	R
	R
	R


[Note] I: Initial transmission; R: Retransmission, otherwise the CBG is not (re-)transmitted
Observation- 5: A compressed CBGTI bits can also indicate the transmission of new data without using an additional NDI. 
Proposal 3: In the DCI, besides the bit-mapped CBG indication, the compressed CBG indication can be used to indicate the CBGs being (re)transmitted without requiring additional NDI.
5. Conclusion
In this contribution, we have proposed the compressed CBG-based HARQ-ACK scheme, which is capable of efficiently reducing the overhead of HARQ-ACK payload bits, without any additional cost. The DCI design related to CBGTI and CBGFI were discussed as well. The following observations and proposals are given:
Observation-1: The probability of one errored CBG in TB is typically dominant in HARQ retransmission. The lower the CB error rate, the more dominant the probability of only one errored CBG in a TB.
Observation-2: With the same payload size, the compressed feedback method reduces the amount of retransmitted data effectively compared to the bit-mapping feedback method.

Observation-3: For a given number of feedback bits, the compressed HARQ-ACK guarantees a lower probability of CB retransmission than bit mapping without any additional cost.
Observation-4:  A CBGTI bits can also indicate the transmission of new data without using an additional NDI. 
Observation-5: A compressed CBGTI bits can also indicate the transmission of new data without using an additional NDI. 

Proposal 1: In order to reduce the CBG-based HARQ-ACK payload size, especially for the case of HARQ ACK feedback of multiple TBs on one channel, compressed feedback of CBG HARQ ACK can be used.

Proposal 2: The DCI for CBG-based (re)transmission should include N bits for CBGTI and another 1 bit for CBGFI.
Proposal 3: In the DCI, besides the bit-mapped CBG indication, the compressed CBG indication can be used to indicate the CBGs being (re)transmitted without requiring additional NDI.
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Annex
The relationship between CB, CBG, TB, and HARQ-ACK payload bits is illustrated in Figure A1, where a TB consists of M CBs, each CBG consists of 
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 CBs, and N HARQ-ACK payload bits indicates the reception ACK/NAK status in a bit-mapping manner with one bit per CBG, and 
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. This requires the same number of HARQ-ACK payload bits as the number of CBGs, and could result in a fairly heavy control channel burden; especially once the TB size is larger while CBG size is kept smaller to provide enough granularity for efficient re-transmissions.
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Figure A1: CBG-based transmission with bit-mapping HARQ-ACK feedback control channel.
Before the discussion, we make some important definitions as follows:
· The number of CBs in error in CBG, 
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 CBs, which are received with a certain number of CBs in error, 
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· The number of CBs in TB: each TB consists of M CBs, where CBG is formed from 
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· Probability of CBG in error, 
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: it is the probability of errored CBG, where at least one CB contained in CBG is received in error.
· CB error rate, p: it is the rate of single CB received in error, confirmed by attached CRC.
In order to intuitively understand the parameters, 
[image: image26.wmf]CB

M

 and 
[image: image27.wmf]Error

 

CB,

M

, defined for a CBG above, we give an illustration as shown in Figure A2.
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Figure A2: The definitions of 
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The probability of CBG in error, 
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 CBs. This actually belongs to a binomial probability formula, formulated as
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where p is the CB error rate, and 
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 is the formula for the number of combinations of selecting k elements from a set of M elements, defined as
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For simplicity, we assume that each CB with the same error rate is independent of each other in TB (commonly called IID, independent and identically distributed). It can be extended to a binomial probability model with a relationship or correlation between probability variables.
The average probability of CBG in error, 
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Then the probability of CB retransmission can be formulated as
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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 


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 signalling


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.








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








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
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