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1 Introduction
In TSG-RAN#83 plenary meeting, the intra-UE prioritization and multiplexing is agreed to be specific in the new WID on support of NR Industrial Internet of Things (IoT) [1], and it is identified that the UCI multiplexing for traffic with different priorities should be jointly discussed in RAN1 and RAN2.This paper focuses on the handling of the PUCCH and PUCCH collision cases, including URLLC UCI and URLLC UCI collision, URLLC UCI and eMBB UCI collision, and collision for more than two PUCCHs. 
2 Collision of two PUCCHs
If two PUCCHs both carry eMBB UCIs, we can simply reuse the R15 MUX rules. In this section, we mainly talk about the following two cases: URLLC UCI overlaps with URLLC UCI, and URLLC UCI overlaps with eMBB UCI. 
In R15, a timeline is defined and only if the timeline is satisfied for overlapping PUCCHs, UCI MUX is performed. The case that overlapping PUCCHs do not satisfy the timeline is treated as an error case and the UE behavior is not specified. However, all the error cases in R15 would be unavoidable in R16 since URLLC UCI, specifically URLLC HARQ-ACK, would be scheduled urgently, resulting in overlap with other UCI which is very close to the corresponding PDSCH, as shown in Figure 1.
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Figure 1 An urgent scheduled HARQ-ACK overlaps with eMBB CSI/SR and the timeline is not satisfied
2.1 Identification of URLLC UCI
At least, HARQ-ACK can be classified into URLLC HARQ-ACK and eMBB HARQ-ACK, and identification method has been studied in the UCI enhancement AI. As discussed in our companion paper [2], it is preferable to use RNTI to distinguish URLLC HARQ-ACK from eMBB HARQ-ACK, at least for dynamic scheduled PDSCH transmission. Alternatively, if a new DCI format is introduced for URLLC data scheduling, the DCI format could also be used to identify URLLC HARQ-ACK.

For SR, some implicit method can be specified to identify a URLLC SR. For example, if the period of a SR configuration is smaller than a threshold, the SR configuration is treated as URLLC SR. Also, if the priority of logical channels linked to a SR configuration is larger than a threshold, the SR configuration is linked to URLLC service. 
For CSI, there is no strong motivation to differentiate a CSI report as URLLC CSI or eMBB CSI, at least for P/SP-CSI on PUCCHs. For A-CSI on PUSCH, it is preferable to treat it as eMBB CSI also.

Observation 1: URLLC UCI should include URLLC HARQ-ACK and URLLC SR,

· URLLC HARQ-ACK can be identified through RNTI;

· URLLC SR can be identified implicitly based on the periodicity or logical channels linked to the SR configuration.
2.1 URLLC UCI overlaps with URLLC UCI
The first case is URLLC HARQ-ACK colliding with URLLC HARQ-ACK. Since URLLC HARQ-ACK was agreed to be sub-slot-based, this case occurs when the PUCCH carrying HARQ-ACK 1 in the early sub-slot extends into the next sub-slot and overlaps with the PUCCH carrying HARQ-ACK 2 in this sub-slot. Firstly, if the collision occurs, the timeline must not be satisfied, otherwise, the gNB can schedule HARQ-ACK 2 also in the early sub-slot. Based on this observation, the first choice is avoid this case by gNB scheduling, i.e., specify that a UE is not expected to feedback two HARQ-ACKs in two sub-slots with the PUCCH resources overlapping in time. However, someone may argue that there is further priority differentiation among URLLC services, and hence it may be possible the later URLLC HARQ-ACK has a higher priority and hence be scheduled on an overlapping resource with the early scheduled URLLC HARQ-ACK. In such an understanding, the later URLLC HARQ-ACK should be prioritized. Note that since the timeline is not satisfied, the early HARQ-ACK transmission has started when the UE gets aware of the later HARQ-ACK, and hence prioritizing the later HARO-ACK means stopping an ongoing PUCCH transmission, which would destroy the OCC in case of PUCCH format 1 and hence cause interference to other UEs’ HARQ-ACK feedback on the same time-frequency resource. 
Proposal 1: For URLLC HARQ-ACK colliding with URLLC HARQ-ACK,

· This case should be avoided by gNB scheduling; or

· The later scheduled HARQ-ACK transmission should be prioritized.
The second case is URLLC HARQ-ACK colliding with URLLC SR. Currently, we think R15 MUX rule can be reused if the timeline is satisfied, and URLLC HARQ-ACK should be prioritized when the timeline is not satisfied. But if there are some problems identified, further enhancements could be studied.
2.2 URLLC UCI overlaps with eMBB UCI
During the offline discussion in RAN1 #93 meeting, the following two options are proposed to solve the collision of URLLC UCI and eMBB UCI.
· Opt.1: Prioritize URLLC UCI transmission and drop eMBB UCI;

· Opt.2: If timeline is satisfied, MUX; else, prioritize URLLC UCI transmission and drop eMBB UCI.
From the perspective of URLLC protection, Opt.1 is simple and clean. Nevertheless, dropping other eMBB UCI can have a severe impact on the performance, especially when other UCI includes ACK/NACKs for many PDSCHs. In such a case, dropping these ACK/NACKs will cause lots of retransmissions and large resource consumption. Also, the eMBB PDSCH may also contain some important information, e.g., the paging information, and dropping the HARQ-ACK for this PDSCH would lead to extra DL delay for the actual DL data transmission. 
On the other hand, always adopting Opt.2 may cause negative impact to URLLC UCI. As illustrated in Figure 2, if URLLC SR on PUCCH format 0 overlaps with eMBB CSI on PUCCH format 3, then the timeline is always satisfied, but multiplexing URLLC SR on eMBB CSI PUCCH resource would cause an extra transmission delay. Also, the transmission reliability would be degraded since it is coding based for SR transmission after multiplexing with eMBB CSI while the original SR transmission is sequence based. In contrast, if URLLC HARQ-ACK and eMBB CSI overlap and the timeline is satisfied, then MUX CSI and HARQ-ACK may not delay the URLLC HARQ-ACK transmission since the HARQ-ACK resource would be selected dynamically to carry joint UCIs and HARQ-ACKs.
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Figure 2 Illustration for URLLC UCI multiplexing with eMBB UCI
As a trade-off, a new rule in addition to the existing timeline can be specified to enable limited MUX between URLLC UCI and eMBB UCI. The key principle is to guarantee the latency and reliability of URLLC UCI transmission, and hence the rule can be based on location of PUCCH resources. As an extreme example, the MUX is allowable only if all the transmission parameters of URLLC UCI are not changed after MUX, including the location in time, the coding rate, the transmit power, etc. This condition may be too restrictive and in most of cases, the feedback latency is the prime consideration and it may be okay to define the rules based the time location. 
Proposal 2: For PUCCH 1 carrying eMBB UCI colliding with PUCCH 2 carrying URLLC UCI, these two UCIs could be multiplexed on PUCCH resource, e.g., PUCCH 3, only if the timeline is satisfied and PUCCH 3 ends no later than PUCCH 2.

If URLLC UCI and eMBB UCI would be multiplexed, one key question is whether to perform joint coding or separate coding for these two UCIs. Joint coding is a simple solution, while on the other hand separate coding could provide distinguished reliability guarantees for these two kinds of UCIs. As a similar problem occurs where URLLC UCI and eMBB UCI are both piggybacked on one PUSCH, i.e., whether these two UCIs should be jointly coded/mapped or separately coded/mapped [3]. In our understanding, a unified solution should be designed for these two cases.
3 Collision of more than two PUCCHs

In the current R15 MUX rules, if more than one PUCCHs overlap, then all PUCCHs should satisfy the timeline and the UE would multiplex these PUCCHs following the pseudo-code in Section 9.2.5 in [4]. However, the case becomes more complex when URLLC UCIs are involved in since the URLLC UCI could be emerged scheduled or triggered and violate the timeline requirements. As a result, among the overlapping PUCCHs, the timeline could only be satisfied between partial PUCCHs, as shown in Figure 3 below.
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Figure 3 Timeline partially satisfied among overlapping PUCCHs
The straightforward way is to handle the PUCCH collision for PUCCHs satisfying the timeline first, e.g., AN1 and CSI/SR in the left part of Figure 3. For the right part of Figure 3, UCI 2 and HARQ-ACK satisfy the timeline. In such a case, it seems that the UE cannot handle the collision between UCI 2 and HARQ-ACK first since UCI 1 starts first. However, the UE can transmits UCI 1 first, and when it knows the existence of HARQ-ACK, it delay the MUX collision until the starting symbol of HARQ-ACK. At this point, the UE must also know the existence of UCI 2 since UCI 2 and HARQ-ACK satisfy the timeline. As a result, the UE can handle the collision of UCI 2 and HARQ-ACK first and then if the newly determined PUCCH resource for HARQ-ACK and UCI 2 still overlaps with UCI 1, the UE can handle the collision.

Another method is to handle the PUCCH collision sequentially in the time domain, i.e., the first two PUCCH resources (starting early in time) are selected and the collision is first handled. This method is quite simple, but does not consider the potential MUX of some later PUCCHs. Alternatively, we can first handle the PUCCH collision carrying eMBB UCIs since the timeline is must satisfied, and then handle the eMBB PUCCH and URLLC PUCCH(s) collision sequentially in time. Besides, how to define the MUX order is related to the MUX rule for the collision between only two PUCCHs, as discussed in Section 2. 
Moreover, due to the support of more than one HARQ-ACK within one slot, some new use cases occur in which the MUX rules in R15 NR cannot work. For example, as shown in Figure 4 below, URLLC HARQ-ACK 1 and URLLC HARQ-ACK 2 are in two sub-slots and the PUCCHs are both of format 1. When these two HARQ-ACKs overlap with a PUCCH carrying SR which is also of format 1, we need to transmit both HARQ-ACK 1 and HARQ-ACK 2 on SR PUCCH resource when SR is positive, which is obviously impossible in some cases since PUCCH format 1 can only carry 1~2 bit UCI while HARQ-ACK 1 and HARQ-ACK 2 could have 4 bits at maximum.
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Figure 4 Two PUCCHs overlap with one PUCCH
Proposal 3: Enhanced MUX method should be supported to handle the collision of more than two HARQ-ACKs colliding with other PUCCHs.
4 Conclusions 
In this contribution, we discussed the handling of the PUCCH and PUCCH collision cases, including URLLC UCI and URLLC UCI collision, URLLC UCI and eMBB UCI collision, and collision for more than two PUCCHs. Based on the discussion, following observations and proposals are given.
Observation 1: URLLC UCI should include URLLC HARQ-ACK and URLLC SR,

· URLLC HARQ-ACK can be identified through RNTI;
· URLLC SR can be identified implicitly based on SR periodicity or logical channels linked to the SR configuration.

Proposal 1: For URLLC HARQ-ACK colliding with URLLC HARQ-ACK,

· This case should be avoided by gNB scheduling; or

· The later scheduled HARQ-ACK transmission should be prioritized.

Proposal 2: For PUCCH 1 carrying eMBB UCI colliding with PUCCH 2 carrying URLLC UCI, these two UCIs could be multiplexed on PUCCH resource, e.g., PUCCH 3, only if the timeline is satisfied and PUCCH 3 ends no later than PUCCH 2.
Proposal 3: Enhanced MUX method should be supported to handle the collision of more than two HARQ-ACKs colliding with other PUCCHs.
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