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Introduction
The NR study item investigated enhanced HARQ functionalities that potentially offer greater spectral efficiency and enable multiplexing of eMBB and URLLC traffic with the minimum possible disruption to the former. One such enhancement is support of multiple HARQ-ACK feedback bits per transport block (TB). Specifically, it was observed that HARQ-ACK feedback per code block (CB) or, more generally, code block group (CBG), could improve DL throughput if a very large TB did not have to be wholly retransmitted when only a few CBs failed. The main identified use case is where higher priority URLLC data preempts or punctures an ongoing eMBB data transmission. A working assumption was reached at RAN1 #88 as follows [1]:
Working assumption:
· CBG-based transmission with single/multi-bit HARQ-ACK feedback is supported in Rel-15, which shall have the following characteristics:
· Only allow CBG based (re)-transmission for the same TB of a HARQ process
· CBG can include all CB of a TB regardless of the size of the TB – In the such case, UE reports single HARQ ACK bits for the TB
· CBG can include one CB
· CBG granularity is configurable

The reason for the working assumption rather than a full agreement was to allow for further study on relaxing the restriction that CBG based (re)-transmission is for the same TB of a HARQ process. In [2] we had provided some analysis of the specification impact of relaxing this restriction by allowing multiplexing of a partial retransmission with new data in the same HARQ transmission. In this contribution we further elaborate on the previous analysis looking at other details required for CBG-based transmission. Secondly, we address other aspects of CBG-based HARQ-ACK feedback.
CBG-based HARQ (re)-transmission 
In LTE a TB may be segmented into smaller code blocks (CBs) based on the maximum input block size to the turbo encoder. Each CB is further appended with a separate CRC before encoding. This additional CB-level CRC facilitates early termination at the decoder. Furthermore, it should be apparent that the existence of a CB-level CRC could also enable finer granularity in HARQ-ACK feedback. Such a feedback scheme potentially offers a better utilization of radio resources when channel/interference conditions are such that a small fraction of the constituent CBs in a TB fail at the decoder stage. Alternatively, a fraction of the CBs may fail due to puncturing part of an ongoing eMBB transmission in order to transmit a higher priority low latency data packet. 
Given N constituent CBs in one TB and M (M ≥ 1) available feedback bits for a TB, a simple and straightforward solution is to partition the N CBs into M CBGs with one HARQ-ACK bit per CBG. As an illustration, consider LTE Rel-13 with a maximum TB size of 97896 bits. For a maximum turbo encoder input of 6144, this translates to 16 CBs and for M = 4, each CBG is made up of 4 CBs. With frequency-first mapping of the encoded symbols to time-frequency resources it may be possible that only 1 CBG is punctured out by URLLC data. 
The working assumption proposes retransmission of only the failed CBGs of a TB. This retransmission strategy allows for a more efficient utilization of radio resources in a moderate to heavily loaded cell as the network could schedule other traffic/users rather than re-transmitting the entire TB.
On the other hand, it may be the case that only a single user is to be scheduled in a slot, e.g. in a lightly loaded cell. Therefore, to efficiently utilize radio resources, it was proposed to allow failed CBGs of a first TB to be multiplexed with CBGs of a second TB in the same HARQ process. Note that this is different from DL spatial multiplexing in LTE, where a HARQ process may contain 2 TBs with each TB mapped to a different codeword. Therefore, to distinguish CBG-based HARQ transmission from spatial multiplexing, this scheme may be viewed as multiplexing CBGs from multiple TBs in the same codeword. For the remainder of this contribution we will define the two schemes as
Definition
· Option 1: HARQ (re)-transmission of CBGs of the same TB
· Option 2: Multiplexing of CBGs from different TBs in the same (spatial) codeword
An illustration of CBG-based HARQ retransmission for these two schemes is shown in Figure 1. For a first HARQ transmission of M CBGs, P CBGs fail CRC detection indexed by ki, i = 1,..,P. Option 1 calls for a retransmission of only the P failed CBGs. Option 2 proposes a further enhancement by retransmitting both the failed CBGs (CBG1,ki) plus CBGs of a second TB (CBG2,i, i = 1,..,M-P). In this example it is assumed that the original TB size is maintained for the retransmission.
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[bookmark: _Ref477841676]Figure 1 Illustration of CBG-based HARQ transmission for Options 1 and 2

We compare and contrast these two options. 

Option 1: HARQ (re)-transmission of CBGs for the same TB
As NR supports asynchronous and adaptive HARQ for both DL and UL (at least for eMBB), we assume that the same solution should, in general, be applicable to both DL and UL HARQ transmission. An information field in the DCI scheduling a retransmission should indicate which subset of CBGs is contained in the retransmission. For example, M bits may be provided to indicate all possible subsets of CBGs contained in the initial transmission. 

To support HARQ combining, a single RV may be signaled in the DCI. If the HARQ failure was due to puncturing by another user’s data, the UE should preferably not combine the retransmission with a previous transmission stored in the HARQ buffer. RAN1 agreed that an indication can be dynamically signaled to a UE, whose assigned downlink resources have partially been preempted by another downlink transmission, to increase the likelihood of successful demodulation and decoding of the TB(s) transmitted within the above mentioned assigned resource. One solution is to provide this indication in a DCI scheduling a retransmission of a subset of CBGs from the original TB. 

Summary of Option 1: 
· An information field in the DCI indicates which subset of CBGs are contained in a HARQ retransmission
· Indication of punctured resources of a HARQ transmission may be provided in a DCI scheduling a retransmission of a subset of the CBGs of the initial TB.
· At the MAC layer, the HARQ entity has to support partial retransmission of a TB for the same HARQ process. 



Option 2: Multiplexing of CBGs from different TBs in the same codeword
For simplicity we consider the case where a second TB is multiplexed with failed CBGs of a first TB. The gNB may signal the exact same TB size, as the original transmission, in the DCI scheduling a retransmission of the same HARQ process. The DCI should contain an NDI bit for each CBG given that there are new and previous CBGs in the same transmitted TB. If the NDI for a CBG is toggled, the UE determines it is a new transmission. Otherwise it is a retransmission.

At a minimum there should be an RV field associated with each TB. This implies that for each TB contained in this transmission, the same RV is applied to all CBGs of that TB. For the case where the gNB does not have new data for this UE it may simply retransmit the entire TB. Similarly to Option 1 an indication of punctured data is also required in the DCI to avoid HARQ buffer corruption.

Summary of Option 2:
Option 2 requires at least M NDI bits + 2 RV fields (4 bits when RV field is 2 bits). Additional specification impact includes:

1) HARQ buffer management: 
If CBGs of a first TB are multiplexed with CBGs of a second TB in the same codeword, the HARQ soft buffer should adequately provision for this scenario. Therefore, the HARQ entity has to concurrently manage at least 2 or 4 TBs (when spatial multiplexing is configured) in a HARQ process. Although HARQ buffer management including possible overbooking can be left to UE implementation, this may be a UE capability that should be signaled to the network. 
Observation: CBG-based HARQ transmission in addition to spatial multiplexing may be viewed as supporting up to 4 TBs in the soft buffer for a single HARQ process. 
In normal scenarios, the likelihood of successfully decoding the first TB significantly increases with 2 HARQ transmissions. However, this may not be true when URLLC data punctures eMBB transmission as the retransmission may also be punctured by a newly arriving URLLC packet. To minimize complexity we assume that CBGs from at most 2 TBs can be multiplexed in the same (spatial) codeword.

2) Additional higher layer impact
As each CBG is associated with a different NDI, the HARQ entity can be said to be handling multiple lightweight TBs in the same HARQ process even when spatial multiplexing is not configured. 

It can be seen from this comparison that Option 1 has a smaller signaling overhead penalty compared to Option 2. For both schemes, an indication of punctured resources is also required to avoid HARQ buffer corruption.

Observation: CBG-based feedback of any variety has impact at the MAC layer at least including RV selection, NDI, generation of ACK/NACK for a TB.

Proposal 1: If CBG-based HARQ transmission with multi-bit HARQ-ACK feedback is to be supported,
· Option 1, i.e. the working assumption is preferred 
· Send a LS to RAN2 seeking input on the feasibility at the MAC layer

CBG-based HARQ-ACK feedback 
The HARQ-ACK payload size depends on 
1. The number of TBs in a DL HARQ process, 
2. The number of serving cells when CA/DC is configured
3. For TDD, the number of DL transmissions requiring acknowledgment in the same UL subframe
4. The number of bits assigned for CBG-based HARQ-ACK feedback
The first 3 cases above are similar to LTE whereas the last one is the enhanced feedback mechanism. It can be seen that the payload size required to support a combination of all these use cases may not be feasible depending on the UE’s UL coverage. However, the HARQ-ACK payload does not have to be uniform across serving cells. For example a UE may be configured for CBG-based HARQ-ACK in a first serving cell serving eMBB and URLLC traffic, whereas in a second serving cell only TB-based HARQ-ACK feedback is configured.
Proposal 2: configuration of CBG-based HARQ-ACK feedback is both UE-specific and serving cell specific.
If a UE is semi-statically configured for CBG-based HARQ-ACK feedback, it is desirable to support fallback to TB-based feedback in some cases such as during RRC reconfiguration. 
Proposal 3: if CBG-based HARQ-ACK feedback is introduced in NR, fallback to TB-based HARQ-ACK feedback is supported.
Conclusion
This contribution discussed specification impact to support CBG-based transmission. It is observed that CBG-based transmission in general significantly impacts both PHY and MAC layers. 
· Proposal 1: If CBG-based HARQ transmission with multi-bit HARQ-ACK feedback is to be supported,
· Option 1, i.e. the working assumption is preferred 
· Send a LS to RAN2 seeking input on the feasibility at the MAC layer
· Proposal 2: configuration of CBG-based HARQ-ACK feedback is both UE-specific and serving cell specific
· Proposal 3: if CBG-based HARQ-ACK feedback is introduced in NR, fallback to TB-based HARQ-ACK feedback is supported.
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