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1. [bookmark: _Ref449341288][bookmark: _Toc273549427]Introduction
In the last NR Ad-Hoc meeting [1], some agreements were made about the indication for the flexible HARQ timing and the PUCCH resource and also for the multi-bit feedback schemes:
	Agreements:
· Timing between DL assignment and corresponding DL data transmission is indicated by a field in the DCI from a set of values 
· The set of values is configured by higher layer
· Timing between UL assignment and corresponding UL data transmission is indicated by a field in the DCI from a set of values
· The set of values is configured by higher layer
· Timing between DL data reception and corresponding acknowledgement is indicated by a field in  the DCI from a set of values
· The set of values is configured by higher layer
· Timing(s) is (are) defined at least for the case where the timing(s) is (are) unknown to the UE
FFS the value for the timing
Agreements:
· A combination of semi-static configuration and (at least for some types of UCI information) dynamic signaling is used to determine the PUCCH resource both for the ‘long and short PUCCH formats’
· The PUCCH resource includes time, frequency and, when applicable, code domains.
· FFS details e.g., if the time in the PUCCH resource includes both slot and symbol, or only symbol in a slot




	Agreements:
· RAN1 will down select following options to utilize HARQ-ACK feedback with more than one bit per TB until the next meeting
· Option 1: CB-group based re-transmission (Samsung) 
· Option 2: Decoder state information feedback (Nokia)
· Option 3: CB-level outer erasure code (Qualcomm)
· Option 4: Any combination of Option 1-3
· Other options are not precluded
· Note that if RAN1 will not reach consensus in the next meeting, no support of utilization HARQ-ACK feedback with more than one bit per TB in Rel-15




In the contribution, several aspects of the HARQ design related to the above agreements are discussed. First, a method how to indicate the HARQ timing and PUCCH resources is presented and in the second part several schemes for multi-bit feedback are presented and compared.  
2. HARQ timing consideration
1. 
1. 
2. 
In LTE, the minimum HARQ timing is a fixed value. The PUCCH resource for HARQ feedback is implicitly mapped from the PDCCH resource or explicitly configured by RRC signalling. However, the highly predefined timing imposes restrictions on forward compatibility. Also, when dynamic TDD is used in NR, a semi-static HARQ timing may not be able to adapt well to traffic variations. Moreover, it is also desirable that the HARQ timing can be indicated to a UE dynamically, considering that some sub-frames can be used for future services other than eMBB, e.g. the MBSFN traffic. Those services may need a reservation of some slots.
1 
2 
HARQ timing scheme
In NR, it is agreed to introduce flexible HARQ timing. HARQ feedback for multiple DL transmissions in time can be transmitted in one UL data/control region. Explicit signalling via DCI can indicate the HARQ timing and PUCCH resources very flexibly but it may increase the DCI overhead. In fact, the HARQ timing and PUCCH resource does not change frequently for the UEs. It may need to be adjusted only every few slots, just as shown in Figure 1 below. In that figure, the HARQ feedback for downlink slot#2, slot#3 and slot#4 is transmitted in the uplink slot#5. For the other slots, the timing relationship between DL data reception and the corresponding acknowledgement is n+1, which is the minimum HARQ timing and also considered as a default value. For these other downlink slots including slot#1, and from slot#5 to slot#9, the PUCCH resource index for HARQ feedback can be generated by the predefined rule as it is done in LTE. Therefore, the UE does not need dynamic notification to change the HARQ timing and PUCCH index in these downlink slots. 
Another example about the flexible timing is related to the dynamic TDD operation. In figure 2, for the slot#1, slot#4 and slot#5, the HARQ feedback for the downlink data is assumed to be self-contained. At the slot#3, there is more DL traffic to be transmitted. To adjust the DL ratio and to reduce the GP overhead, the uplink control part is not included in the slot#3 and the HARQ feedback for the downlink data in the slot#3 is sent in the uplink control part of the slot#4 instead. In that case the gNB needs to notify the UE to change the HARQ timing and PUCCH index in the DCI of the slot#3.
Further, when the HARQ timing changes to a designated slot, the PUCCH resources may conflict. Then, the PUCCH resource could also be dynamically notified to the UE. The combination of timing and PUCCH resources should be configurable and used differently depending on the use case.


 
Figure 1- Example for flexible HARQ timing


Figure 2 - Example for flexible HARQ timing in dynamic TDD
Proposal 1: The UE can be configured with a default timing value from a set of values by high layer signalling. The UE can then dynamically be notified to change the default NR HARQ configuration to other timing values (which could be selected out of the pre-defined set). The combination of timing and PUCCH resource index should be configurable.
Indicating timing and resource
In the last Ad-hoc meeting it has been agreed, that a set of timing values between DL assignment and corresponding DL data transmission is configured by higher layer and that the gNB can dynamically indicate one from the set of values by DCI. 
For different UEs, the size of the value set may vary. To reduce the DCI overhead and the complexity of blind decoding, the DCI in the PDCCH may only include a 1 bit flag to notify the UE that the default configuration is dynamically changed. The actual indication information is then multiplexed with the downlink data in the PDSCH channel. The resource elements for this indication information can be determined according a predefined rule, so there is no extra control information needed in the PDCCH for this purpose. The resource elements for notifying the HARQ timing and PUCCH resources are always located at the front of those resource elements to which the gNB is mapping the downlink data. The indication information will then be allocated close to the DMRS position, to facilitate the demodulation of the indication information.



Figure 3- Example for the indication information multiplexed with the downlink data
Proposal 2: Two-level control information can be introduced. The first level control information indicates whether the second level control information of HARQ timing and PUCCH resource index is present or not. If present, it can be multiplexed with the downlink data in the PDSCH channel.
3. HARQ feedback schemes
In the RAN1 NR Ad-hoc meeting, it has been agreed that, just as in LTE, a 1-bit ACK/NACK can be used to indicate whether the reception of a transport block is correct. For the diverse use cases of NR, however, this functionality alone is not sufficient.

A one-bit based HARQ requests a retransmission of the entire TB, even in the case when only one or a few CBs have been received incorrectly.

In NR, there are at least two scenarios in which multi-bit feedback can help to improve the performance, for the case when a large number of CBs is contained in the TB and for the case of interference bursts. These situations are explained in more detail below.

Large number of CBs in the TB:
For eMBB it is expected that the number of CBs within the TB increases compared to LTE:

· In case of larger bandwidth for data transmission, a larger TB might be used. Assuming the same CB size as in LTE, the number of CBs within the TB will increase accordingly.
· For low latency services, a smaller CB might be selected in order to achieve a smaller decoding delay. With unchanged TB size, this will also increase the number of CBs which are contained in the TB

For the 1-bit feedback, with a given CB decoding error probability Pe and N code blocks contained in one TB, the expected BLER can be calculated as:  

This is illustrated below in Figure 4 below. The more CBs that are contained in one TB, the higher the requirements are to decode each CB correctly. 
[image: ]
Figure 4 - For a given BLER, illustration of required decoding error rate per CB depending on the number of CBs within one TB
Interference bursts:
An attractive solution for URLLC/eMBB multiplexing is puncturing, where mini-slots carrying URLLC pre-empt the transmission of scheduled eMBB resources. The pre-emption can be considered as an interference burst and might damage a limited number of code blocks. In such case a retransmission of the entire TB would be inefficient. Multi-bit feedback can help to make the re-transmission more efficient.
Observation 1: When a transport block consists of a large number of code blocks, conventional ACK/NACK response seriously affects the efficiency of retransmission
3.1 Relationship of multi-bit feedback to other working groups
It is proposed that the retransmission method is transparent to RAN2. In LTE, RAN2 is only aware of the transport blocks, not the code-blocks underneath. This shall not be changed for NR for the introduction of the multi-bit feedback. At least during Phase 1, a re-transmission shall not contain bits from others TBs.
Proposal 3: In order to facilitate a clean division between RAN1 and RAN2 functionality, the re-transmission shall not contain bits from other TBs. Only bits from the original TB shall be re-transmitted.
3.2 Methods for multi-bit feedback. 
There are at least two methods that can be considered to enhance the 1-bitHARQ scheme known from LTE, one is a CB-group based and the other employs outer codes.
CB-based feedback:
A straight forward approach is to combine some of the CBs into groups and then to use one bit for each code group. Thus, the HARQ process can use a finer granularity than a whole TB. This is illustrated below in the example of Figure 5. In total, there are 12 CBs within the TB. 3 CBGs are created, each consisting of 4 CBs. For this example, three bits of feedback are needed, one for each CBG. If a CBG has been received correctly, an ACK for that concerned CBG is generated, otherwise an NACK is generated. 
[image: ]
Figure 5 - Straight forward scheme of multi-bit feedback. The TB is divided into a fix number of CB groups (CBG) and one bit per CBG is used. 
An advantage of this method is that the large TB can be broken down into smaller units, thus the required decoding error probability for the individual code blocks is relaxed. Also, no additional information needs to be transmitted within the data. This method is expected to work robustly independent from how many CBGs are affected by decoding errors.  A disadvantage, on the other hand, is a comparatively large control overhead. Each CBG requires 1bit of feedback. 
Observation 2: Straight forward CBG-based methods are expected to work robustly but will lead to a large control overhead when many CBGs are contained in a TB. 
Outer code:
An alternative method for the multi-bit retransmission is to employ outer codes. Here, a parity packet of similar size as a CB is added to the transmission and the multi-bit feedback may trigger a retransmission of just the parity packet. Another alternative for the outer code has been presented in R1-166374. 
In general, outer codes add some overhead to the data transmission, but use less control feedback than straight-forward CBG-based method.
Observation 3: Outer codes require less control overhead for HARQ feedback compared to straight forward CBG designs but add some overhead to the data transmission. 
For a comparison and down-selection of the possible methods, their performance, control overhead and the specification impact shall be compared.
Proposal 4: Multi-bit feedback schemes shall be designed for minimizing the control overhead and specification impact while achieving comparable performance in throughput.
Enhanced CBG-based scheme:
The method presented here describes an enhancement of the straight forward CBG based scheme. It allows for a reduction of feedback bits and at the same time enables an individual adaption of the coding rates for the different CBGs. Instead of applying the same redundancy to all CBs as it is done for LTE, the rate matching is varied for the different CBGs. Those CBGs that contain the most CRC errors get more physical resources assigned in the retransmission.   
· The initial situation is again that the CBs contained in one TB are grouped into several groups (CBGs). For example, 12CBs are divided into 3 groups.
· Then, the CRC errors in each group are counted and weighted. For 4 CBs in one group, the weight can vary between 0 and 4.
· The decoded groups are ordered with decreasing weight. The group with the largest weight is considered to be the most damaged group.
· In the general procedure for the re-transmission, the harder damaged groups get more resources assigned (as opposed to LTE, where the rate-matching for all groups is the same). The different re-transmission configurations can be pre-calculated and can be defined in a table.  

This is illustrated below for a 2-bit feedback scheme and 3 CBGs. For that scenario a possible retransmission configuration is shown in Table 1. Two bits allow to represent 4 states, e.g. an ACK, and to identify the worst damaged group out of a set of 3 candidates. If a “0” is fed back, the transmitter knows that all CBs have been received correctly, if a “1”, “2” or “3” is sent back, the transmitter will regard the identified group as the most damaged one and will increase the redundancy for that group in the re-transmission.
	Index 
	Worst damaged group 
	RM Params for Group 0 
	RM Params for Group 1 
	RM Params for Group 2 

	0 
	ACK

	1 
	G0 
	RMPlow_punc 
	RMPhigh_punc 
	RMPhigh_punc 

	2 
	G1 
	RMPhigh_punc 
	RMPlow_punc 
	RMPhigh_punc 

	3 
	G2 
	RMPhigh_punc 
	RMPhigh_punc 
	RMPlow_punc 


Table 1 – Example for CBG –based HARQ with reduced feedback
The table 1 is just one example. Another way would be to just use 2 CBGs and two bits of feedback. In that case, the re-transmitting options could be “no-retransmission (ACK)”, “use more redundancy for CBG0”, “use more redundancy for CBG1” or “use same redundancy for CBG0 and CBG1”. Also, more feedback bits could be used, which would increase the granularity of the re-transmission options. However, for the case of burst interference, it can be expected that just one code group will be damaged more than others, thus a 2-bit feedback scheme might be sufficient for this important use case.  
The concept of the enhanced CBG-based HARQ is illustrated below:
[image: ]
Figure 6 - Enhanced CBG-based feedback with reduced control overhead. The retransmission parameters are based on the multi-bit feedback from the receiver and selected from a pre-defined retransmission configuration table.

The benefits of the enhanced CBG-based scheme are summarized below:
· Reduced control overhead compared to the standard CBG-feedback
· No additional overhead in the data transmission (e.g. no insertion of parity bits)
· Individual adaptation of coding rate for the different CBGs
· Flexibility and forward compatibility. The granularity of rate-matching and number of feedback bits can adjusted smoothly 
· Low specification impact. Only a retransmission configuration table needs to be defined for the given number of feedback bits and CBGs. This table is self-contained and does not expect to impact any other parts of the standard.

Proposal 5: The enhanced CBG-based HARQ feedback scheme with individual rate-matching shall be considered as a candidate solution for the multi-bit feedback.
4. Conclusion
Based on the analysis given above, we have the following observations and proposals:
Proposal 1: The UE can be configured with a default timing value from a set of values by high layer signalling. The UE can then dynamically be notified to change the default NR HARQ configuration to other timing values (which could be selected out of the pre-defined set). The combination of timing and PUCCH resource index should be configurable.
Proposal 2: Two-level control information can be introduced. The first level control information indicates whether the second level control information of HARQ timing and PUCCH resource index is present or not. If present, it can be multiplexed with the downlink data in the PDSCH channel.
Observation 1: When a transport block consists of a large number of code blocks, conventional ACK/NACK response seriously affects the efficiency of retransmission
Proposal 3: In order to facilitate a clean division between RAN1 and RAN2 functionality, the re-transmission shall not contain bits from other TBs. Only bits from the original TB shall be re-transmitted.
Observation 2: Straight forward CBG-based methods are expected to work robustly but will lead to a large control overhead when many CBGs are contained in a TB. 
Observation 3: Outer codes require less control overhead for HARQ feedback compared to straight forward CBG designs but add some overhead to the data transmission. 
Proposal 4: Multi-bit feedback schemes shall be designed for minimizing the control overhead and specification impact while achieving comparable performance in throughput.
Proposal 5: The enhanced CBG-based HARQ feedback scheme with individual rate-matching shall be considered as a candidate solution for the multi-bit feedback.
5. Reference
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