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1 Introduction
In TSG-RAN#83 plenary meeting, the scope of new WID on physical layer enhancements for NR URLLC was defined [1]. Two main enhancements are identified to be related to UCI enhancements for URLLC, i.e., more than one PUCCH for HARQ-ACK transmission within one slot and at least two HARQ-ACK codebooks simultaneously constructed, intended for supporting different service types for a UE. Moreover, the intra-UE prioritization and multiplexing is agreed to be studied in the new WID on support of NR Industrial Internet of Things (IoT) [2], and it is identified that the UCI multiplexing for traffic with different priorities should be jointly studied 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. How to identify the priority of different services, or how to judge whether the UCI is for URLLC service or eMBB service have been discussed in our companion paper [3].
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 URLLC UCI overlaps with URLLC UCI
If two PUCCHs both carry URLLC UCIs, i.e., UCIs with high priority, then we can also reuse the MUX rules in R15. One extra consideration is how to handle two URLLC HARQ-ACKs overlap in time, as mentioned in Section 2.1. In some cases, the PUCCH 1 carrying HARQ-ACK in the earlier sub-slot extends beyond the sub-slot boundary and overlaps with the PUCCH 2 carrying HARQ-ACK in the next sub-slot. In such a case, these two HARQ-ACKs should be multiplexed, but the MUX methods need further consideration. For Type-2 codebook, one candidate is to concatenate these two HARQ-ACK codebooks and then implement joint coding and modulation if timeline is satisfied. But for Type-1 codebook, these two HARQ-ACK codebooks are linked two downlink associated sub-slot sets (DASs). As shown in Figure 2, the two DASs overlap a lot. In such a case, concatenating these two HARQ-ACK codebooks would cause a lot of feedback redundancy. 
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Figure 2 Two HARQ-ACKs overlaps in case of Type-1 codebook
Proposal 1: For overlapping of two URLLC HARQ-ACK in case of Type-1 codebook, enhanced multiplexing method to reduce the feedback redundancy is needed.
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 3, 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 3 Illustration for URLLC UCI multiplexing with eMBB UCI
In [4], a new rule is proposed to decide whether eMBB UCI is multiplexed with URLLC UCI or it shall be dropped, depending on whether the multiplexing would delay the URLLC UCI transmission or increase the coding rate for URLLC UCI. If it does, multiplexing should not be performed and eMBB UCI should be dropped. This method guarantees the latency/reliability of URLLC UCI and also try its best to feedback eMBB UCI, and hence should be considered in R16 URLLC.

Proposal 2: For one PUCCH carrying eMBB UCI overlapping with another PUCCH carrying URLLC  UCI, these two UCIs should be multiplexed on one PUCCH with some additional restrictions taking into consideration of latency and/or coding rate impact after multiplexing.
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 is discussed in our companion contribution [5] where URLLC UCI collides eMBB PUSCH or eMBB UCI collides URLLC PUSCH, a unified solution is desired for both PUCCH colliding PUCCH and PUCCH colliding PUSCH.
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 [6]. 
3.1 Timeline is satisfied for all PUCCHs
As shown in Figure 4, PUCCH 1 carrying UCI 1 and PUCCH 2 carry UCI 2 do not overlap with each other but both overlap with PUCCH 3 carrying UCI3. If the timeline is satisfied for PUCCH 1, 2 and 3, all UCIs would be multiplexed on one PUCCH if the pseudo-code in [6] is performed. However, this method has some drawbacks. For example, if PUCCH 1, 2, 3 are all of format 1, e.g., UCI 1 and UCI 2 are HARQ-ACK and UCI 3 is active SR, then the current MUX rule is resource selection which cannot work in such a case. Since SR is positive, we need to transmit both HARQ-ACK 1 and HARQ-ACK 2 on SR PUCCH resource, which is impossible. Similarly, if PUCCH 1 and 2 are of format 1 and format 0 respectively while PUCCH 3 is of format 0, then current MUX rule would lead to contradictory results. PUCCH 1 and 3 lead to SR dropping while PUCCH 2 and 3 lead to CS shift on PUCCH 2.
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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 PUCCHs when the timeline is satisfied, e.g., the collision of three PUCCHs with small payload size.
3.2 Timeline is partially satisfied for parts of PUCCHs
In R15, this is an error case and would not be expected to happen. However, as mentioned above, this case would be unavoidable in R16 due to the URLLC HARQ-ACK would be scheduled urgently. Two possible cases are shown in Figure 5, where T1 is the minimum distance to guarantee the timeline.
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Figure 5 Timeline partially satisfied among overlapping PUCCHs
In the left part of Figure 5, two HARQ-ACKs overlap with one PUCCH carrying CSI/SR. It is quite likely that AN2 is URLLC HARQ-ACK and the timeline is not satisfied for AN2 and CSI/SR. One possible solution is to drop CSI/SR and transmit AN1 and AN2 separately to guarantee URLLC AN feedback. Alternatively, we can try to multiplex CSI/SR onto the PUCCH carrying AN1 and then transmit AN1+CSI/SR and AN2 separately. In the right figure, HARQ-ACK and UCI 1 do not satisfy the timeline but HARQ-ACK and UCI 2 satisfy the timeline. Then the UE is unaware of UCI 2 and HARQ-ACK at the beginning of UCI 1 and hence would transmit UCI 1 first. Hence the straightforward method is to handle the collision of UCI 1 and HARQ-ACK 2 first.

Proposal 4: When more than two PUCCHs overlap and the timeline is partially satisfied, enhanced MUX method should be supported by considering the MUX order among these 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.
Proposal 1: For overlapping of two URLLC HARQ-ACK in case of Type-1 codebook, enhanced multiplexing method to reduce the feedback redundancy is needed.

Proposal 2: For one PUCCH carrying eMBB UCI overlapping with another PUCCH carrying URLLC  UCI, these two UCIs should be multiplexed on one PUCCH with some additional restrictions taking into consideration of latency and/or coding rate impact after multiplexing.

Proposal 3: Enhanced MUX method should be supported to handle the collision of more than two PUCCHs when the timeline is satisfied, e.g., the collision of three PUCCHs with small payload size.

Proposal 4: When more than two PUCCHs overlap and the timeline is partially satisfied, enhanced MUX method should be supported by considering the MUX order among these PUCCHs. 
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