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1 Introduction

In RAN1#89 [1], following agreements were achieved for the CBG based HARQ-Ack/Nack. 
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:

· Maximum number of HARQ processes per carrier supported in NR is 8 or 16 

· This is at least for the single numerology case and a slot-level scheduling and single-TRxP transmission

· FFS: down-selection of 8 or 16

· FFS: soft-buffer handling

· FFS: the value may be different depending on a certain condition (e.g., subcarrier spacing) 

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 

In this contribution, some further considerations are discussed specifically for the ACK/NACK design. 
2 Discussion
One lesson learned from LTE is that when the TBS is big, to retransmit the whole TB is highly inefficient since usually only a few CBs of a TB are incorrect. In NR, as pointed out in [2], there could be hundreds of CBs per TB which is much more than LTE and this makes CBG based retransmission more attractive for NR. To enable CBG based retransmission, a CBG based HARQ-Ack/Nack was agreed to be supported. According to the latest agreement, the number of CBGs per TB is configurable, and the number of HARQ Ack/Nack bits for a TB is at least equal to the number of CBGs. The number of CBGs per TB cannot be too big so the whole Ack/Nack payload size can be kept at an acceptable level. However, with a small number of CBGs, each CBG could still consist of many CBs and the original inefficient retransmission problem is not fully addressed. 
A few Ack/Nack bits are required to feedback multiple CBGs of a TB in a bitmap like format, multiple (up to [8 or 16]) TBs’ Ack/Nack bits need to be included in one UCI, and it can be expected that NR needs to support a much bigger Ack/Nack payload than LTE. With link adaption applied, each CBG is targeted to be received correctly with a probability, e.g., around 10% and as a result, most of the Ack/Nack payload bits will be “1”. One way to compress the Ack/Nack payload size is by using with some existing algorithms, e.g., Run-length encoding and another way is to optimize the Ack/Nack bits to indicate the incorrect CBs in a finer level within the given size. 
To compress the Ack/Nack payload sizes may generate a number of different UCI sizes which will cause more complicated L1 designs so this option is not preferred. 
Proposal 1: it is proposed to not use bitmap like design for CBG based HARQ-Ack/Nack to enable feedback of the incorrect CBs in a finer level. 
There are two designs for the Ack/Nack feedback, one is based on TTI and the other is based on HARQ process. Two options are discussed below. 
2.1 Ack/Nack designs
2.1.1 TTI based
Similar as in LTE, the UE gives the Ack/Nack feedback of each TTI and the gNB will finish the mapping between TTI and the corresponding HARQ process. A simple example can be found in Figure 1 with/without pre-emption. 
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Figure 1 TTI based HARQ-Ack/Nack, left: without pre-emption, right: with pre-emption
Without pre-emption, the gNB retransmits only the incorrect CBGs based on the received HARQ-Ack/Nack bits (CBG based), the transmission indicator indicates that CBG0 is not retransmitted and CBG1/CBG2 are retransmitted. The transmission indicator may not be needed if the gNB does not need the flexibility to schedule some (not all) of the incorrect CBG(s) and detailed discussion can be found in our companion contribution [3]. After soft combining, the terminal returns the Ack/Nack feedback for both CBG1 and CBG2. Note that there is no need to transmit HARQ Ack bit for CBG0 which is not indicated for transmission. 
With pre-emption, the gNB retransmits the CBGs impacted by the pre-emption before the Ack/Nack bit is generated within the UE and the transmission indicator indicates that CBG0 is not retransmitted and CBG1/CBG2 are retransmitted. After soft combining with impacted LLRs flushed from the buffer, the terminal returns the Ack/Nack feedback for all CBGs include CBG0 whose Ack/Nack bit is not transmitted so far. 
Different from the case without pre-emption, the terminal needs to transmit the HARQ Ack/Nack bit for the CBG which is not indicated for transmission. Additionally the gNB may choose to transmit some (not all) of the incorrect CBG(s) and considering retransmissions may be lost, only the gNB knows which of the CBG(s) not indicated for transmission require Ack/Nack feedback and which do not. 
Proposal 2: it is proposed to include an indicator within the DCI to indicate if an Ack/Nack bit is required per CBG not indicated for transmission.
A more general case with multiple TTIs’ Ack/Nack bits included in one UCI is considered with possible cases summarized from Figure 2 below. 
· TTI i – a new TB of HARQ process #j is received, 2 CBGs are incorrectly received not because of pre-emption;
· TTI i+1 – nothing is received (no DCI or all CBGs are incorrectly received);

· TTI i+2 – a new TB of HARQ process #k is received, 2 CBGs are incorrectly received because of pre-emption;

· TTI i+3 – a new TB of HARQ process #l is received, all 3 CBGs are correctly received;

· TTI i+4 – a number of CBGs of an old TB of HARQ process #k are received and no Ack/Nack bit is transmitted for any CBG of this TB;

· TTI i+5 – a number of CBGs of an old TB of HARQ process #m are received and Ack/Nack bits were transmitted for those CBG(s) not indicated for transmission. 
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Figure 2 Multi-TTI based HARQ-Ack/Nack

As shown in Figure 2, Ack/Nack bits of all 6 TTIs are transmitted in UCI0. A two-level Ack/Nack design is proposed with high level bits to give a coarse feedback of each TTI and low level bits to give a detailed feedback of TTIs with some incorrect CBGs (not all).
The proposed high level bits include 2 bits for each TTI with the following means: 
· “00” – no CBG is correctly received including  no DCI is received;
· “01” – a retransmission received and corresponding Ack/Nack feedback is merged to a previous TTI;

· “10” – a transmission is received with some (not all) CBGs incorrect;
· “11” – a transmission is received with all CBGs correct. 

The high level bits of the example in Figure 2 are given in Figure 3. For TTI i+2, all CBGs in this TTI are correctly received after TTI i+4 so it has the value “11” in the high level Ack/Nack bits. For TTI i+4, “01” is used to indicate that CBGs received in this TTI are covered by Ack/Nack bits in a previous TTI, i.e., i+2 in this example and the gNB knows that. Only TTIs i and i+5 need to be further refined by the low level Ack/Nack bits but the difference is that low level Ack/Nack bits will be based on 3 CBGs for TTI i and 2 CBGs for TTI i+5.  Detailed designs for low level Ack/Nack bits can be found in Section 2.1.3.  
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Figure 3 Two-level Ack/Nack design for TTI based option
2.1.2 HARQ process based

It is possible to produce the Ack/Nack bits for each HARQ process. Different from the TTI based option, there is no need to consider subsequent retransmission due to pre-emption and anyhow all missing CBG(s) of each HARQ process needs to be covered by the Ack/Nack bits. 
Similar design as TTI based option can be used with a reduced number of cases. 
· “0” – at least one CBG is missing;

· “1” – a new TB is expected;

As shown in Figure 4, 1 bit is allocated to each HARQ process and by following the above definition, the values can be set accordingly. HARQ process j has two missing CBGs and the bit is set to “0” so does HARQ process m which has one missing CBG. Both HARQ processes k and l have no missing CBGs and both are expecting to receive new TBs so their Ack/Nack bits are both set to “1”. Low level Ack/Nack bits can be used to refine the feedback to a smaller granularity and detailed designs can be found in Section 2.1.3.   
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Figure 4 Two-level Ack/Nack design for HARQ process based option
Compared with the TTI based option, HARQ process based option may require some additional bits to indicate which HARQ processes are included because it may happen that not all HARQ processes are scheduled in the few TTIs covered by the current UCI. Or possibly all HARQ processes can be included in every UCI which may waste some UCI bits when one or more HARQ processes are not scheduled from last UCI. 
2.1.3 Low level Ack/Nack

It is assumed an Ack/Nack payload size will be pre-configured and within this given size, all remaining bits other than high level bits are used by low level bits. Two designs are discussed below for low level Ack/Nack bits. An example of 10 CBs per CBG is assumed for the example in Figure 3. 

2.1.3.1 Option A
In this option, a similar design as RIV of LTE PRB allocation is used, and for each TB, all CBs from the first incorrect one to the last incorrect one are reported all as Nack and they are indexed by a combination of a starting position and a length. 
An example is given in Figure 5, 30 CBs from 3 CBGs with DCI0 are placed in order, 5 CBs from #17 to #21 (in red) are incorrect so the starting position is #17 and the length is 5 and similar as RIV, they can be jointly coded with totally 9 bits for each TTI. 20 CBs from 2 CBGs with DCI4 are placed in order, all 3 incorrect CBs are indexed with the starting position of #3 and the length of 3. For simplicity consideration, 9 bits can be used for the joint coding. Totally 30 Ack/Nack bits are transmitted included 12 bits from high level and 18 (= 9 + 9) bits from low level. 
The number of transmitted Ack/Nack bits is preconfigured and known by the data transmitter prior to the UCI decoding. If the number of produced Ack/Nack bits is smaller than this preconfigured size, filler bits can be added, and if the number of produced Ack/Nack bits is bigger than this preconfigured size, the extra bits can be discarded. For the discarded bits, the worst case will be assumed by the data transmitter which means all CBs not clearly indicated as Ack will be interpreted as Nack. 
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Figure 5 Low level design with Option A
2.1.3.2 Option B

This option is based on the binary search algorithm to indicate the incorrect CBs. With exactly the same example, all 30 CBs of 3 CBGs with DCI 0 are first split into left and right two halves, the first 15 CBs and the last 15 CBs, 1 Ack/Nack bit is allocated to each half and its value is set to “1” if all included CBs are correct otherwise set to “0”.  The half indicated as “0”, i.e., the last 15 CBs in this example, is further split into two halves which are indicated with another two Ack/Nack bits with values set in the same way as in the last step. This procedure is repeated until each incorrect CB is clearly pointed out and in the end, an upside-down binary tree is obtained. If all CBs in the current half are correct, the corresponding Ack/Nack bit is set to “1” and the procedure of this branch ends. As illustrated in Figure 6, after 5 steps all incorrect CBs are clearly pointed out. Separate binary trees are produced for different TTIs but each TTI has only one tree. The Ack/Nack bits are read row by row and totally 30 bits are produced in this example. 
With all 30 bits correctly received, the data transmitter can rebuild the binary tree and find out exactly the positions of the incorrect CBs. If as mentioned above, extra Ack/Nack bits were discarded, all discarded bits will be assumed as “0” by the data transmitter when rebuilding the binary tree. 
Assuming the same 18 low level Ack/Nack bits as in Option A, the last 12 bits (in black in Figure 6) are discarded and the cost is that correct CBs of #22 with DCI0 and #6/#7 with DCI4 are retransmitted unnecessarily.  
Different from Option A which discards detailed Ack/Nack bits TB by TB, Option B discards the Ack/Nack bits from the most detailed to the less detailed evenly among TBs. 
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Figure 6 CBG based Ack/Nack for Option B
In this example, CB is used as the minimum granularity and to further reduce the Ack/Nack payload size, it can be considered to use CBG (a number of CBs) as the minimum granularity. 

For both Option A and Option B, same designs can be used to the HARQ based option as discussed in Section 2.1.2. 

Proposal 3: it is proposed to optimize the Ack/Nack payload size for the CBG based HARQ by supporting a two-level indication. 

3 Conclusions
In this contribution, the Ack/Nack indication of the CBG based HARQ is discussed, and to reduce the Ack/Nack payload size, it is proposed to use a two-level indication with the TB level indicated first and the CBG/CB level of incorrect TBs further indicated with refined feedback granularity. 
Based on above discussions, we have the following proposal: 

Proposal 1: it is proposed to not use bitmap like design for CBG based HARQ-Ack/Nack to enable feedback of the incorrect CBs in a finer level. 
Proposal 2: it is proposed to include an indicator within the DCI to indicate if an Ack/Nack bit is required per CBG not indicated for transmission.
Proposal 3: it is proposed to optimize the Ack/Nack payload size for the CBG based HARQ by supporting a two-level indication. 
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