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Introduction
In RAN #71, the technology study item for 5G new RAT (NR) has been approved [1]. URLLC (ultra-reliable low latency communication) requirements has been discussed in RAN plenary in June 2016. 
Dynamic resource sharing between URLLC and eMBB (such as pre-emption/puncturing and/or superposition) is an essential feature that NR has adopted to serve different service types of very different latency, reliability and efficiency requirements in order meet 5G URLLC and eMBB requirements respectively. Static/semi-static resource partitioning between URLLC and eMBB, e.g., through FDM-ing URLLC and eMBB would lead to low system efficiency as we showed in previous contributions [4]. Dynamic eMBB and URLLC multiplexing needs to be performed at a mini-slot granularity to get the most efficient multiplexing scheme. For example, it is shown that 2/4-symbol mini-slot of 60kHz SCS provides significant capacity gain in URLLC compared with slot based URLLC scheduling in previous contributions [3], [4]. To better serve URLLC design in both the first and future releases, additional multiplexing mechanism, control signaling HARQ design is needed. An example of URLLC and eMBB dynamic multiplexing via pre-emption is shown in Figure 1.


Figure 1. URLLC and eMBB scheduling intervals and dynamic multiplexing via pre-emption
In RAN1#86bis, RAN1#87 and RAN1#adhoc the following agreements were made regarding URLLC and eMBB multiplexing and mini-slot designs:
Agreements:
· From network perspective, multiplexing of transmissions with different latency and/or reliability requirements for eMBB/URLLC in DL is supported by  
· Using the same sub-carrier spacing with the same CP overhead
· FFS: different CP overhead
· Using different sub-carrier spacing 
· FFS: CP overhead
· NR supports both approaches by specification
NR should support dynamic resource sharing between different latency and/or reliability requirements for eMBB/URLLC in DL
Agreements:
· For DL, dynamic resource sharing between URLLC and eMBB is supported by transmitting URLLC scheduled traffic
URLLC transmission may occur in resources scheduled for ongoing eMBB traffic
Agreements:
· For DL, support indication of time and/or frequency region of impacted eMBB resources to respective eMBB UE(s)
· FFS: Details of the granularity for impacted region used in the indication 
· e.g., PRB (group)/symbol (group)/mini-slot (group)/CB (group)/TB/Slot
· The indication is transmitted at one of the following (will be down selected later)
· during current eMBB TTI
· after current eMBB TTI
· during and after current eMBB TTI
· The indication is one of the following (will be down selected later)
· explicit
· implicit
· explicit and implicit
Essentially, pre-emption based dynamic multiplexing scheme between URLLC and eMBB is supported in NR, with indication of impacted eMBB resource to eMBB UEs to mitigate the URLLC impact to eMBB.

[bookmark: _Toc460356716][bookmark: _Toc460917084]Multi-bit HARQ-ACK Feedback
To ensure efficient forward compatibility of eMBB and URLLC dynamic multiplexing, further design on eMBB HARQ process is needed.
Consider eMBB data channel design, it is agreed in RAN1-86 that in order to achieve low latency in NR, frequency first and time second code blocks mapping is needed for both DL and UL to enable low latency processing (which also avoid excessive data buffering before demod/decode could start). When eMBB data rate is high, each data slot could contain tens to hundreds of CBs. With traditional TB-level single-bit HARQ-ACK scheme, even if one CB is in error, the entire TB has to be retransmitted, which is highly inefficient.
This inefficiency of TB-level single-bit Ack HARQ scheme is amplified in the scenario of URLLC and eMBB dynamic multiplexing via pre-emption. URLLC pre-emption/puncturing (of the duration of 1-2 symbol(s) mini-slot) taking away eMBB resource spanning a few CBs will result in the retransmission entire TB, which significantly reduces eMBB user throughput when URLLC puncturing occurs at a moderate frequency (for example, up to 10% puncturing rate per symbol).
In RAN1 #88bis, the following agreements on multi-bit feedback were reached:
Agreements:
1. Confirm the working assumption as below.
0. CBG-based transmission with single/multi-bit HARQ-ACK feedback is supported in Rel-15, which shall have the following characteristics:
0. Only allow CBG based (re)-transmission for the same TB of a HARQ process
0. 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
0. CBG can include one CB
0. CBG granularity is configurable
Agreements:
1. The UE is semi-statically configured by RRC signaling to enable CBG-based retransmission.
The above semi-static configuration to enable CBG-based retransmission is separate for DL and UL.

In this contribution, we discuss the important use cases for multi-bit feedback per TB for eMBB and URLLC multiplexing even in the presence of URLLC indication.
eMBB and URLLC dynamic multiplexing mechanism
Role of URLLC Indication
The indication-based multiplexing approach is beneficial for both URLLC and eMBB UEs. Figure 2 illustrates a high-level diagram of indication of URLLC when it punctures eMBB traffic. The main purpose of indication channel is to assist data decoding by nulling out LLRs on the impacted eMBB resources.
Performance comparison of eMBB performance in the presence of puncturing is shown in Figure 3. As can be seen, for single CB per slot scenario, puncturing indication could significantly improve link-level performance by nulling out the LLRs pre-emptied by URLLC traffic. With URLLC indication, eMBB performance is 1dB away from no puncturing performance, while performance degradation without URLLC indication is more than 5dB. It is clear that for low MCS where each TB per slot only contains 1 or a 2 CBs.
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Figure 2. Current-indication of URLLC preemption
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Figure 3. eMBB performance comparison w/ and w/o indication (symbol 2 and 3 punctured)

However, indication channel itself is not sufficient for NR eMBB, especially when eMBB TB contains large number of CBs. As shown in Figure 4, at low geometry and small allocation when single CB spans the entire slot duration, indication helps to close gap to the case without puncturing, however, at moderate to high geometry, there is still significant performance loss. The reason is despite only single CB being punctured, single ACK HARQ feedback will require the entire TB being retransmitted, which can significantly impact the overall UE (and system) throughput.
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Figure 4. eMBB performance comparison w/ and w/o indication open loop link adaptation (OLLA) results (URLLC puncturing rate = 10%)
The simulation results are in line with theoretic analysis. At high geometry and large number of RB allocation (for example 50~100RBs), with indication, each URLLC occurrence punctures roughly one eMBB CB. As can be seen in Figure 5, the maximum number of HARQ transmission is set to 4. eMBB throughput can be calculated as a function of URLLC puncturing rate. As can be seen, with only 10% puncturing rate, assuming 14 CBs per slot, eMBB throughput plummeted to <30% of the eMBB throughput without puncturing. Even with indication channel, normalized throughput is still only 50% of eMBB throughput without puncturing, which is 40% loss compared with multiplexing upper bound. We have the following observation and proposal.
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Figure 5. eMBB performance comparison w/ and w/o indication as a function of URLLC puncturing rate

Role of Multi-bit feedback
The key role of multi-bit HARQ-ACK feedback is to enable finer granularity within one TB, such that if a small fraction of CBs is in error, the entire TB does not have to be re-transmitted in order to improve the overall system efficiency in the key use case of dynamic eMBB and URLLC multiplexing. The control signaling and feedback flow of URLLC multiplexing is shown in Figure 6.


Figure 6. Control signaling and feedback flow of URLLC multiplexing
As shown in Figure 6, gNB will first signal URLLC transmission in the DL indication channel to assist UE’s demod/decode (UE will null out LLRs of impacted resource). After decoding, UE sends back multi-bit HARQ feedback to request transmission of failed CB(G)s or request additional parity CB(G)s. Note that, this step is still importance as the gNB expected CB(G) failure may still be different from what UE can decode due to the actual channel condition, bursty interference from NbrCell, sporadic CB(G) failures or simply due to different UE processing capability from what gNB expects. As a result, this step of multi-bit HARQ feedback (even though it may be heavily compressed), cannot be skipped completely or replace by single bit HARQ feedback. After that step, gNB will schedule retransmission of CB(G)s, in order to ensure HARQ combining integrity, the retransmission of CB(G) information needs to be somehow communicated to the UE either implicitly or explicitly.
Two main schemes of multi-bit HARQ feedback are considered:
a. CB/CB group (CBG)-level HARQ
b. CB/CBG-level outer coding based HARQ

Multi-bit feedback for CB-level HARQ
The main idea of CB-level HARQ is that, UE will report the CBs that fail decoding back to gNB. gNB does not retransmission the entire TB of the previous transmission if only small number of CBs are not decoded. As discussed above, multi-bit feedback is an essential step. Instead, gNB will schedule retransmission of these failed CBs along with the transmission of new CBs in order to ensure graceful degradation in the presence of small number of CB failure (or at least does not waste system resource unnecessarily). With CB-level HARQ, only the CBs that was not received correctly in the previous transmission are retransmitted.
LLR level soft combining could be done for CB-level HARQ scheme. However, with URLLC puncturing and indication, it is possible that LLRs (in the failed CB) are zero out. In that case, HARQ is the same as ARQ without soft combining. In the case of neighbor cell URLLC bursty interference, soft combining may be possible, which in turn rely on accurate bursty interference estimation, etc.
In terms of feedback, CB-level HARQ requires (# of CBs)-bit feedback in PUCCH. A bitmap for CB pass/fail is needed. One way to reduce UCI feedback overhead is to bundle Acks from multiple CBs together, which may impact the granularity to handle bursty puncturing. Other lossy data compression schemes should be further studied.
Multi-bit feedback for CB-level outer code based HARQ
Outer code was first proposed in RAN1-84b [5]. The major difference between CB-level HARQ vs. outer coding based HARQ is the following:
With outer code, the exact location of failed CB may not be needed. Instead of feeding back CB pass/fail bitmap, UE only has to report the number of CB parities that is needed to recover the failed CBs. Also, UCI could be further compressed. For example, the number of CBs could be quantized to a few levels or be represented as a percentage of the total number of CBs in this TB. For outer code based HARQ, an upper bound of the number of UCI bits is log2(number of CBs). For example, for 100 CBs, only 7-bit UCI feedback is sufficient. Similarly, outer code based HARQ could also be performed at the CBG-level for further overhead reduction. Outer coding scheme can be regarded as a lossless compression scheme for the multi-bit feedback HARQ scheme.
With outer code, soft combining across HARQ becomes more difficult, however, as mentioned in the previous subsection, under URLLC puncturing and with puncturing indication, the impact to eMBB CB becomes close to erasure. In that case parity CB based erasure decoding is sufficient.
Another flexibility of outer code is that it could retransmit more parity CBs than the number of failed CBs to build some robustness against future puncturing. This improves reliability and improves throughput with a latency constraint.
Proposal 1: Further study efficient and robust signaling/feedback schemes for indication/multi-bit HARQ-ACK feedback.
Importance of Ack/Nack Feedback Reliability
When CBG-based retransmission is applied to PDSCH, the UE will send back CBG A/N. It turns out the reliability of the CBG A/N feedback is critical. Here are some examples:


[bookmark: _Ref477880245]Figure 7. Example with correct CBG A/N decoding
In 7, we show an example with 12 CBGs in the TB. In the first transmission, 4 of the CBGs failed, and the UE requests the retransmission of these 4. The CBG A/N report is correctly decoded, and in the retransmission, only the 4 failed CBGs are retransmitted. The UE may or may not perform soft LLR combining (depending on whether it is due to bursty interference or puncturing) of these 4 CBGs with the LLRs of these CBGs already in the buffer and attempt a new decoding for these CBGs. 


[bookmark: _Ref477880249]Figure 8. Example with wrong CBG A/N decoding
[bookmark: _GoBack]In Figure 8, we show the same example with 12 CBGs in the TB. In the first transmission, 4 of the CBGs failed, and the UE requests the retransmission of these 4. This time, the CBG A/N report is decoded incorrectly. Instead of retransmitting CBGs 4, 5, 6, and 8, the gNB is retransmitting CBGs 3, 5, and 6. If UE purely relies on gNB’s exact knowledge of the CB(G) failure pattern, the UE will assume CBGs 4, 5, 6 and 8 are included in the retransmission, and will combine the LLRs for CBGs 3, 5 and 6 with that of CBGs 4, 5, 6, and 8 in the soft buffer. As a result of which the decoding will fail, and will continue to fail in future retransmissions as wrong LLRs are combined.
This example shows that the reliability of CBG A/N needs to be reasonable high, as there will be undetectable error events and it will take upper layer long time to detect the error and arrange retransmission. 
To provide higher reliability, we can always include a CRC field in the CBG A/N feedback. In this way, at least the CBG A/N report decoding error event can be detected. However, when the number of CBGs is not very large, including a CRC field substantially increases the UCI payload and may not be efficient. Alternatively, we can introduce some additional CBG A/N information confirmation mechanism in the retransmission grant, such that the UE can verify from the retransmission grant that the CBG A/N assumed by gNB is the same as the CBG A/N report it transmitted.
[bookmark: o1]Observation 2: For CBG-based PDSCH transmission, CBG A/N decoding error event has error propagation issue.
[bookmark: p4]Proposal 2: For CBG-based PDSCH transmission, either a highly reliable CBG A/N is fed back, or a  CBG A/N confirmation mechanism is provided to avoid error propagation.
For CBG-based PUSCH transmission, the gNB sends the CBG A/N to UE. The information is carried by PDCCH, and will have CRC protection. In this case, the CBG A/N decoding error event will be of low probability, and will not have the same reliability issue as the CBG-based PDSCH transmission.

Conclusion
In this contribution, we discussed key use case(s) of multi-bit HARQ feedback, such as URLLC and eMBB dynamic multiplexing via puncturing, bursty interference handling from URLLC or short burst interference in unlicensed band. We further discussed the signaling flow of indication and multi-bit HARQ feedback design and further study on signaling design to reduce overhead will be needed:
Proposal 1: Further study efficient and robust signaling/feedback schemes for indication/multi-bit HARQ-ACK feedback.
Observation 2: For CBG-based PDSCH transmission, CBG A/N decoding error event has error propagation issue.
Proposal 2: For CBG-based PDSCH transmission, either a highly reliable CBG A/N is fed back, or a CBG A/N confirmation mechanism is provided to avoid error propagation.
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