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1. Introduction
For New Radio (NR) following on from the study in [1], code block group (CBG)-based transmission with single/multi-bit HARQ-ACK feedback is supported, which shall have the following characteristics:
· Only allow CBG based (re)-transmission for the same transport block (TB) of a HARQ process;
· CBG can include all code block (CB) of a TB regardless of the size of the TB. In such case, UE reports single HARQ ACK bit for the TB;
· CBG can include one CB;
· CBG granularity is configurable.
From RAN1#88bis, other agreements relevant to CB-group based retransmission are:
· For grouping CB(s) into CBG(s), the following options can be considered.
· Option 1: With configured 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 configured number of CBGs

· Option 2: With configured number of CBs per CBG, the number of CBGs changes according to TBS.

· Option 3: The number of CBGs and/or the number CBs per CBG are defined according to TBS.

· FFS: for the case of re-transmission

· FFS on details of each option

· FFS: CBG is approximately aligned with symbol(s)

· Other options are not precluded
According to transport block (TB) size captured under 36.213 (Table 7.1.7.2.1-1) [2], on the other hand, the maximum sizes in a single TB for one-layer and four-layers are 97,896 bits, and 391,656 bits, respectively. Considering the maximum CB size of 6144 bits, the maximum number of CBs could reach 16 for one-layer and 64 for four-layers. In NR, TB size could be even larger. This is one of the biggest challenges in the design of NR access technology, in consideration of the balance between the minimization of the HARQ ACK payload, and the minimization of the throughput performance degradation.
In this contribution, we investigate the probability of the CB reception in error first, and then uniquely consider the statistical behavior for each CBG-based (re)-transmission. Accordingly, we consider methods for modifying the multi-bit HARQ-ACK feedback to reduce the feedback overhead, only suffering somewhat negligible throughput degradation in retransmission. To this end, we propose a feedback system with multilevel CBG-based HARQ-ACK grouping; relying on the frequency for which different numbers of errored CBs require re-transmission. This kind of approach can also be considered as a method for compression of the HARQ-ACK feedback payload.
2. General Descriptions
We assume as a starting point multiplexing and channel coding of LTE [3], where the input bit sequence is segmented to the code blocks with the maximum size of 6144 bits, attached by cyclic redundancy check (CRC) bits, and then the resultant code blocks form a transport block (TB). In NR, in order to inform the reception status, the receiver feeds back the HARQ-ACK information in a code block group (CBG)-based manner. The relationship between CB, CBG, TB, and HARQ-ACK payload bits is illustrated in Figure 1, 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 1: 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, 
[image: image4.wmf]Error

 

CB,

M

: CBG consists of
[image: image5.wmf]CB

M

 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, 
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, defined for a CBG above, we give an illustration as shown in Figure 2.
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Figure 2: 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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Figure 3 illustrates the probability of CBG in error as a function of the number of errored CBs, 
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4CBs, 8CBs, and 16CBs in a CBG or a TB (in this case, TB size equals to CBG size), under the condition of p=10% CB error rate commonly accepted in a practical system. It can be observed that for a number of CBs in error in a CBG larger than about 3 in case of 4CBs and 8CBs in CBG, the probability of occurrence of a CGB in error becomes much smaller, and its impact could be negligible in the design of HARQ-ACK feedback system. However, for a number of CBs in a CBG is as high as 16, the probability of occurrence of a CBG in error for 3 to 5 CBs in error becomes much more significant.
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Figure 3: Probability of CBG in error vs. number of errored CBs, in case of CB error rate of 10%.
3. Multilevel CBG-based HARQ-ACK
In Figure 3, considering the simple example of 4CBs in CBG, the probability of CBG without any error is high, reaching 65.6%, and the probability of a CBG with single errored CB is 29.2%, so these two cases are dominant in the HARQ system. In this contribution, we focus on the HARQ-ACK design in consideration of the high probability cases for an errored CBG. To provide feedback with fine granularity in indicating errored CBs, but without excessive feedback overhead we propose multilevel CBG-based HARQ-ACK (i.e. multiple feedback bits per CBG). Figure 4 gives an example of this multilevel CBG-based HARQ-ACK system, where the feedback information consists of 4 levels; and each levels 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. In this scheme the CBGs in each level contain different numbers of CBs, exhibited by a yellow colour in Figure 4. It should be noted that based on such feedback, any retransmission should be scheduled based on the size of the CBG in error. This means that additional CBs 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 CBs which were received with ACK status can be minimized.
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Figure 4: Multilevel CBG based HARQ-ACK feedback in case of 4 CBs with 3 HARQ-ACK payload bits.
In this multilevel HARQ-ACK feedback system, the granularity of the feedback in level-1 and level-2 together with the cases of1-1 index (indicating all ACKs) and the 4-1 index (indicating all NAKs), respectively, can give the same retransmission performance as bit-mapping at the CB level (i.e. 1 feedback bit per CB). The granularity of the feedback in level-3 and level-4 with the lower probability of CBG utilizing 2 indices and 1 index, respectively however, are roughly given, resulting in a few additional retransmissions compared to a bit-mapping system. Table 1 enumerates the probability of CB retransmission with a comparison between the multilevel HARQ-ACK (3bits of payload) and the bit-mapping HARQ-ACK (4bits of payload). The numerical calculation is based on the formula as
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Table 1: Probability of retransmission with comparison between multilevel 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


Note that in Table 1 the retransmission probabilities are per CB. It can be observed that the probability of CB retransmission in the multilevel HARQ-ACK system 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, as depicted in Figure 5. The resultant probability is 13.0%, which is 1.54% higher than multilevel HARQ-ACK system.
[image: image36.emf]ACK

CB-1

ACK

CB-2

ACK

CB-3

ACK

CB-4

NAK ACK

ACK NAK

NAK NAK

NAK NAK

CBG-1 CBG-2 CBG-3


Figure 5: Bit-mapping CBG based HARQ-ACK feedback in case of 4 CBs with 3 HARQ-ACK payload bits.
4. Analysis of Compressed CBG-based HARQ-ACK
In order to make an explicit basis for CBG-based HARQ-ACK design, we analyze the behavior of CBG error probability once again, but associated with different CB error rates. Figure 6 and Figure 7 shows the CBG error probability as a function of the number of errored CBs, in case of CB error rate 1% and 5%. It can be observed that the CBG error probability with one errored CB is completely dominant, compared to the case of 10% CB error rate shown in Figure 3. The tendency we conclude is, the lower the CB error rate, the more dominant the CBG error probability with one errored CB.
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Figure 6: Probability of CBG in error vs. number of errored CBs, in case of CB error rate of 1%
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Figure 7: : Probability of CBG in error vs. number of errored CBs, in case of CB error rate of 5%
Thanks to such behaviour of CBG 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 also consider to simply and 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”, “all CBGs with NAK”, and “any one CBG with NAK”.  A simple design of compressed group pattern is possible as long as the number of 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 compressed CBGs,

all CBGs with ACK (no retransmission)


→
index 1


all CBGs with NAK (TB-based retransmission)

→
index 2


any one CBG with NAK (only one CBG retransmission)
→
index 3-8.

Table 3 details the probability of retransmission for both bit-mapping per CBG and compressed HARQ-ACK, in case of CB error rate of 1%, 5% and 10%. It is noted that in this case, only one CB is contained in CBG. Evidently, the reduction of the probability of retransmission by the compressed group patterns can be guaranteed.
Table 3: Probability of retransmission, in case of 6 CBs in TB, with 3 HARQ-ACK payload bits.
	CB error rate
	Bit-mapping HARQ-ACK
	Compressed HARQ-ACK

	1%
	1.99%
	1.09%

	5%
	9.75%
	7.15%

	10%
	19.00%
	17.33%


5. Conclusion
In this contribution, we have proposed the multilevel CBG-based HARQ-ACK scheme, which is capable of efficiently reducing the overhead of HARQ-ACK payload bits, without any additional cost.
Observation-1: The probability of CBG or TB in error is highly dependent on the number of errored CBs in CBG or TB. Such a behavior should be taken into account in the design of CBG-based HARQ-ACK.
Proposal-1: In order to reduce the number of CBG-based HARQ-ACK payload bits, multilevel CBG-based HARQ-ACK grouping may be configured according to TBS and HARQ-ACK payload. For a given number of feedback bits the multilevel CBG-based HARQ-ACK system (with multiple HARQ-ACK feedback bits per CBG) guarantees a lower probability of CB retransmission than bit mapping without any additional cost.
Observation-2: The probability of one errored CBG in TB is typically dominant in the HARQ retransmission. The lower the CB error rate, the more dominant the probability of only one errored CBG in TB.
Proposal-2: As an alternative simplified version of the multilevel CBG-based HARQ-ACK, with one HARQ-ACK bit per CBG we propose compressing the feedback information based on the more likely occurrence of patterns with a small number of CBGs in error. The compressed group patterns can be easily specified for CBG-based HARQ-ACK operation.
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