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Introduction
In RANP #83, a new work item on physical layer enhancements for NR URLLC is approved [1]. One of the objectives of this work item is to enhance the UCI transmission as follows:
· Specification of UCI enhancements [RAN1]
· More than one PUCCH for HARQ-ACK transmission within a slot
· At least two HARQ-ACK codebooks simultaneously constructed, intended for supporting different service types for a UE

Regarding UCI enhancements, RAN1 has reached the following agreements during the study item phase:
Agreements:
· Multiple PUCCHs for HARQ-ACK within a slot should be supported in R16.

Agreements:
· For a R16 UE, at least two HARQ-ACK codebooks can be simultaneously constructed, intended for supporting different service types for a UE
· FFS more details (including procedures when applicable)
· FFS: How to identify a HARQ-ACK codebook 
· FFS applicability to semi-static HARQ-ACK codebook, or dynamic HARQ-ACK codebook, or both
· FFS more than 2
· FFS whether or not CBG configuration is supported for Rel-16 URLLC

Agreements:
· Rules for the two HARQ-ACK codebooks for supporting different service types should be specified in R16 if the two HARQ-ACK codebooks are due to transmit in resources overlapping in time.

Agreements:
· When at least two HARQ-ACK codebooks are simultaneously constructed for supporting different service types for a UE, a HARQ-ACK codebook can be identified based on some PHY indications/properties. 
· FFS in potential WI the details of the PHY identification

Further, based on the new approved RAN2 work item [2], RAN1 is tasked to specify the collising handling schemes for the following cases:
· Specifying prioritization and/or multiplexing behaviour among HARQ-ACK/SR/CSI and PUSCH for traffic with different priorities, including the cases with UCI on PUCCH and UCI on PUSCH [RAN1, RAN2].

In this contribution paper, we first present a solution to enanble multiple HARQ-ACK reporting for URLLC per slot in Section 2. This section further presents the design guidelines to resolve the collision between two PUCCHs carrying HARQ-ACK. In Section 3, we then discuss other collision cases including PUCCH and PUCCH and PUCCH and PUSCH associated with different traffic types. 
Enabling Multiple eURLLC HARQ-ACK Reporting per Slot
Description of the Proposed Solution
Consider the UE that is configured to support X number of PUCCH transmissions carrying HARQ-ACK per slot for eURLLC. For this UE, the gNB, semi-statically, splits each slot into X “virtual” sub-slot (Note that these sub-slots are “virtual”, put no limitation on scheduling, and should not be confused with the sub-slot definition introduced for LTE-sTTI.) In particular, in terms of PDSCH allocation, there is no limitation as compared to the Rel. 15 approach, i.e., a given PDSCH can start at any symbol and with any length allowed by the mapping type. In terms of PUCCH resource configuration, the gNB needs to guarantee that there is at least one PUCCH resource of a proper format starting within each subslot (This is also the same as the NR Rel. 15, where each slot needs to have a proper PUCCH resources.) Further, it should be noted that the length of different sub-slots need not be the same; in terms of configuration, the gNB has all the needed flexibility. In addition, in case of TDD cell and in flexible slots, the division accounts for all symbols, but the actual PUCCH transmission can take place only over the uplink portion of the slot.

As for the value of X (i.e., maximum number of HARQ-ACK feedbacks per slot), it is reasonable to align it to the number of PDCCH monitoring spans per slot in the case in which the DL and UL carriers have the same SCS. Since the PDCCH capability defined under Rel. 15 feature 5-3b allows for the maximum of 7 monitoring occasions per slot, the maximum number of X should not exceed 7. 

For codebook size determination, each sub-slot plays the exact role played by slot in Rel. 15 for HARQ-ACK codebook determination. Hence, as needed in Rel. 15 NR to determine which PDSCH is in which slot or which PUCCH resource is available in which slot, for the proposed solution, the PDSCH-to-subslot and PUCCH-to-subslot association should be determined. The association can be performed as follows: 

Since N1 is defined as the gap between the end of the PDSCH to the starting symbol of PUCCH, we define the associations as follows:
· PDSCH j is in sub-slot k if its last symbol is in sub-slot k
· PUCCH j is in sub-slot k if its starting symbol is in sub-slot k
· Note: X number of sub-slot are configured per slot of the UL Pcell. The configuration also includes the boundaries of the sub-slot in terms of the SCS of the UL BWP where HARQ-ACK is sent, e.g., using a bitmap. Then, for all DL CCs, regardless of their SCS, the PDSCH to sub-slot association is performed by considering the UL sub-slot configuration. An example is illustrated in Figure 1.


Figure 1: PDSCH-to-subslot and PUCCH-to-subslot association under the proposed solution.

One major advantage of the sub-slot based HARQ-ACK feedback design is that it can maximumly reuse the existing HARQ-ACK reporting methodology in NR Rel-15, and requires less standardization effort and signalling change.
Proposal 1: For Rel. 16 eURLLC HARQ-ACK reporting with X PUCCHs per slot, semi-statically, split each uplink slot into X “virtual” sub-slots, and one PUCCH carrying HARQ-ACK can be transmitted starting in each sub-slot.
· The maximum value of X is 7

Proposal 2: When the subslots are configured, a UE determines the associated sub-slots for PDSCH and PUCCH as follows:
· A PDSCH is associated with sub-slot k if its last symbol is in sub-slot k
· A PUCCH is associated with sub-slot k if its starting symbol is in sub-slot k

The last parameter to set before explaining the details of type-1 and type-2 codebook size determination schemes is K1. As mentioned earlier, each virtual subslot plays the exact role of slot in Rel. 15 NR for codebook size determination. Now, in Rel. 15, the granularity of K1 is at slot level. Thus, for the proposed solution, the granularity of K1 for eURLLC codebook size determination is at subslot level.

Proposal 3: K1 for eURLLC HARQ-ACK reporting is indicated in the unit of sub-slot.
  
In the remainder of this section, we present how the proposed solution can be applied to type-1 and type-2 codebook size determination. As it will become evident, after the virtual subslots are defined, the procedures are exactly the same as those of the Rel. 15 NR. 
Proposed Solution for Type-1 Codebook Size Determination
Similar to NR Rel. 15, the type-1 codebook size determination is based on the “PDSCH occasions”. The size can be determined by following the steps below:
· For determining the codebook size for the PUCCH to be sent in sub-slot n, the UE considers the set of K1 values configured for the UL BWP (in units of sub-slots.)
· For a given K1 value, the UE considers all the PDSCH occasions associated with sub-slot n-K1 using a TDRA table configured for eURLLC.
· Within the set of occasions, the UE removes the occasions that conflicts with the DL/UL configuration.
· Then, the UE partitions the remaining occasions into subgroups as follows:
· Set m to be smallest last OFDM symbol index for all TDRA candidates
· Loop over all TDRA candidates  
· If candidate starts no later than OFDM symbol m
· Put the TDRA candidate into group  
· Remove TDRA candidate  
· Consider one HARQ-ACK bit for the formed group.
· Continue the above steps until all the occasions associated with sub-slot n-K1 are consumed. 
One downside of Rel-15 Type-1 codebook construction method is that, it may result in a very large codebook size with a lot of dummy NACK bits. Indeed, this happens if either a large number of K1 values is configured, if the number of non-overlapping PDSCH reception occasions per slot is big. A large codebook size may be problematic for eURLLC HARQ-ACK reporting, since it typically requires higher reliability and also it may be scheduled with a small (e.g., 1 or 2) number of PUCCH symbols in each PUCCH resource. To support Type-1 codebook for eURLLC HARQ-ACK reporting, mechanisms to limit the Type 1 codebook size may be studied. One effective way is to configure a very small number of K1 values for eURLLC HARQ-ACK reporting, which is reasonable given the low latency requirement for URLLC transmission. 

Proposal 4: For the type-1 codebook size determination, follow the NR Rel. 15 approach for PUCCH transmission carrying HARQ-ACK in a given subslot.
· FFS mechanisms to limit the Type 1 codebook size, e.g., restricting the length of the HARQ-ACK multiplexing window. 
Proposed Solution for Type-2 Codebook Size Determination
Similar to NR Rel. 15 procedure, the type-2 codebook size determination is based on the PDCCH monitoring occasions and DAI received in the DCI. The size can be determined by following the steps below:
· For determining the codebook size for the PUCCH to be sent in sub-slot n, the UE considers the max. K1 value configured for the UL BWP (in units of sub-slots.)
· Then, the UE runs through the sub-slots [n-K1,max,…, n], and determines the codebook size by relying on the counter DAI and total DAI received for eURLLC operation. 
Proposal 5: For type-2 codebook size determination, follow the NR Rel. 15 approach for PUCCH transmission carrying HARQ-ACK in a given subslot.

PUCCH resource configuration and determination for eURLLC HARQ-ACK reporting
In general, the PUCCH resources to transmit HARQ-ACK feedback for eURLLC may be separately configured from those of eMBB PUCCH resources. For example, a sub-slot based PUCCH resource configuration and indication mechanism may be better suited for the sub-slot based HARQ-ACK reporting procedure discussed above. Whereas, the eMBB HARQ-ACK reporting may still follow the Rel-15 approach with slot based configuration. Furthermore, since eURLLC HARQ-ACK report is likely to have smaller payload size, it the number of PUCCH resource sets for eURLLC HARQ-ACK may be smaller than the number of PUCCH resource sets for eMBB. In addition, since the duration of a sub-slot is smaller than the duration of a slot, it may be reasonable to configure a smaller number of resources within each PUCCH resource set for eURLLC. This in turn may result in a compressed number of PRI bits in the eURLLC scheduling DCI, which is beneficial from the reliability perspective. 
To indicate a PUCCH resource to transmit HARQ-ACK, we may follow the Rel-15 approach based on K1 and PRI in the DL scheduling DCI. More specifically, based on the eURLLC HARQ-ACK payload size, UE may first determine the corresponding PUCCH resource set. Then, UE follows the PRI in the last DL DCI to select one PUCCH resource in the determined PUCCH resource set. Implicit mapping based solution as in Rel-15 may be used when the number of PUCCH resources in the resource set exceed the indication capability of the PRI field in the DCI. 
Proposal 6: NR Rel-16 support separate PUCCH resource and PUCCH resource set configurations for eURLLC and eMBB.
Supporting separate HARQ-ACK codebooks for different service types
In this section, we present some aspects related to the FFS items below:
· For a R16 UE, at least two HARQ-ACK codebooks can be simultaneously constructed, intended for supporting different service types for a UE
· FFS more details (including procedures when applicable)
· FFS how to identify a HARQ-ACK codebook 
· FFS applicability to semi-static HARQ-ACK codebook, or dynamic HARQ-ACK codebook, or both
· FFS more than 2
· FFS whether or not CBG configuration is supported for Rel-16 URLLC

For a UE that is supporting different traffic types, considering two HARQ-ACK codebooks is sufficient. In general, the reason to have two separate codebooks is to allow for defining prioritization across different procedures. By configuration, the new codebook determination scheme explained in the previous section can be made to work for traffic types with different requirements. Increasing the number of codebooks complicates the specification effort, possibly even the UE implementation, leads to more collision cases, and from the performance or use case point of view, is not justified.
Proposal 7: For a Rel. 16 eURLLC UE, at most two HARQ-ACK codebooks can be simultaneously constructed. 
For the purpose of supporting separate HARQ-ACK codebook contruction for different services, it is critical for the UE to differentiate the eURLLC PDSCH from the eMBB PDSCH at the PHY layer. This is because, when the UE receives a PDSCH and generate an HARQ-ACK bit correspondingly, it needs to know whether to map the HARQ-ACK to the first codebook or to the second codebook. Without this PHY differentiation, it does not seem to be feasible to separate the HARQ-ACK codebooks for different services. Based on this observation, we propose the following. 
Proposal 8: Support PHY-layer differentiation between PDSCHs for the purpose of HARQ-ACK codebook determination. The mapping of HARQ-ACK bits to the two HARQ-ACK codebooks is determined via an explicit PHY-layer differentiation of the corresponding PDSCHs.
Resolving Uplink Collision between Control/Control and Control/Data Channels
In this section, we discuss how to resolve the collision between uplink control and data channels associated with different priorities. 
Collision handling between different HARQ-ACK codebooks 
When two HARQ-ACK codebooks for different service types (eMBB or URLLC) are due to transmit in PUCCH resources that are overlapping in time, then some mechanisms to resolve the collision is needed. Roughly speaking, there are mainly two approaches to be considered. 
· Option 1: Always drop the eMBB HARQ-ACK codebook in case of collision 
· Option 2: Multiplex the eMBB HARQ-ACK codebook and the URLLC HARQ-ACK codebook (under certain conditions)

We next analyse the pros and cons of each approach. Option 1 is much easier to implement than Option 2 for both the UE and the gNB; it is straightforward to be specified in standard; and also it guarantees that the URLLC performance is not affected. The only downside of this solution is that it may potentially reduce the throughput of eMBB downlink. However, this degradation seems inevitable for UEs/networks that support two services at the same time. For example, the design of downlink pre-emption indication in Rel-15 is under the assumption that the URLLC traffic has higher priority than the eMBB traffic, and hence eMBB transmission may be punctured/pre-empted by more urgent URLLC transmissions. Furthermore, in the context of intra-UE downlink scheduling, a PDSCH for the eMBB may be dropped by the UE who is scheduled with an URLLC PDSCH that overlaps in time [3]. Option 2 may reduce the impact to eMBB compared to Option 1. However, it comes with several challenges and requires significant amount of specification change relative to Rel-15. Two main issues that need to be solved are reliability and complexity. 
From the reliability perspective, one question that arises is that when the URLLC HARQ-ACK codebook is multiplexed with an eMBB codebook, how should one guarantees the reliability of URLLC HARQ-ACK transmission? To be more specific, at least the following two issues need to be addressed. 
 How to compress the eMBB HARQ-ACK codebook?
In NR Rel-15, the codebook size for eMBB HARQ-ACK can be quite large, especially if the UE is configured with CBG based DL transmission in some of the carriers, or if Type 1 codebook is configured. In these cases, multiplexing the whole eMBB HARQ-ACK codebook with the URLLC codebook may not be reasonable since it may significantly reduce the URLLC HARQ-ACK reliability/link budget. To circumvent this issue, methods to reduce the eMBB HARQ-ACK codebook size is needed. 
How to align the eMBB HARQ-ACK codebook size between UE and gNB?
One issue to multiplex the eMBB and URLLC HARQ-ACK codebook is that the UE and gNB need to align the codebook size of both eMBB and URLLC in order to have a correct communication. Indeed, if UE and gNB mis-understood the size (due to missing DCIs) of the eMBB HARQ-ACK codebook, then they will not be able to communicate the URLLC codebook correctly. This can be problematic since the determination of the eMBB HARQ-ACK codebook size depends on the reliability of the PDCCHs that schedules the eMBB transmission, which is generally less reliable than that of the URLLC PDCCH. As such, the eMBB HARQ-ACK codebook size may become the bottleneck of the reliability of the multiplexed codebook. 
From the complexity perspective, NR Rel-15 has very complicated rules for multiplexing the UCIs of different types and for multiplexing UCI on PUSCH. In Rel-16, different timeline and different reliability/priority of different HARQ-ACK bits adds another degree of complication for the UE to perform multiplexing. For example, it is not clear how should the UE determine the PUCCH resource to transmit the multiplexed codebook, how to perform channel coding and power control, etc. Furthermore, the timeline checking may be more complicated in Rel-16 since there will be more PDCCH channels involved. We also remark that, the discussions above only highlighted a few challenging issues for the design of Option 2. There are likely more issues to be identified as more details are considered in the design. 
Based on the above discussions, we think that Option 1 provides a better tradeoff between complexity and performance; hence, it should be adopted as the solution to resolve collision between eMBB HARQ-ACK and URLLC HARQ-ACK transmissions.   
Proposal 9: In NR Rel-16, when a low priority PUCCH carrying HARQ-ACK and a high priority PUCCH carrying HARQ-ACK collide in time, a UE drops the low priority PUCCH including its HARQ-ACK and transmits the high priority PUCCH. 
· FFS whether additional timeline considerations for dropping the low priority PUCCH is needed.  

Collision handling between other UCIs and between UCI and data channels 
Besides the collision between two PUCCHs carrying HARQ-ACK, in general, for a UE that supports both high and low priority procedures, the collision between PUSCH and PUCCH carrying HARQ-ACK or P-CSI should also be resolved.
Similar to the options given in the preceding section, the following collision resolution options can be considered:
· Option 1: Always drop the low priority channel (PUSCH or PUCCH) in case of collision
· Option 2: Multiplex some contents of the low priority PUCCH/PUSCH on the high priority channel

Option 1 is simple, does not require much specification effort expect that the priority of the channels should be indicated explicitly to the UE at the PHY layer. However, in addition to the PHY layer differentiation, enabling Option 2 requires addressing several aspects. First, in case of collision, the order of the collision handling should be determined. In other words, when multiple channels with different priorities collide, there could be two options to consider: (1) The UE always resolves the collisions within the channels of the same priority and then across the channels of different priorities, or (2) The UE resolves the collision within the channels of the same type, e.g., PUCCHs, and then across channels of different types. The two approaches will have different outcomes; one example is illustrated in the figure below:  


Figure 2: An illsutration of the order of collision resoltion. Top: handling collision within the channels of the same priority first. Bottom: Hhandling collision across channels of the same types first.
In the same way, one can consider the cases where a PUCCH carrying P-CSI collides with a PUCCH carrying a high priority HARQ-ACK and a PUCCH carrying a low priority HARQ-ACK. In such situations too, dependeing on the order of multiplexing, the outcome could be different. The first step of the design then needs to be to determine the order of collision handling. 
Next, it is important to decide whether some contents of the channels with low priority can be piggybacked on the channels of the high priority. For example, if PUCCH carrying a low priority HARQ-ACK overlaps with a high priority PUSCH, should the HARQ-ACK bits be piggybacked on the PUSCH? As another example, if a high priority PUCCH overlaps with a low priority PUSCH, should the HARQ-ACK bits be piggybacked on the PUSCH, or alternatively, PUSCH should be dropped? In all these cases, first of all, the joint multiplexing timeline should be checked; only if the timeline is satisfied, the contents of the channels can be multiplexed. Then, similar to the issues raised in the previous section, it should be decided how to compress the number of bits sent on PUSCH, especially if PUSCH is of high priority. Further, since the low and high priority channels have different reliability requirements, aligning the size of the low priority content piggybacked on the high priority channel between the gNB and the UE may not be always feasible.  
Based on the above discussions, we think that Option 1 provides a better tradeoff between complexity and performance; hence, it should be adopted as the solution to resolve collision between eMBB HARQ-ACK and URLLC HARQ-ACK transmissions.   
Proposal 10: In case of collision between a low priority PUSCH (PUCCH) and high priority PUCCH (PUSCH), always drop the low priority transmission; its contents is not piggybacked on the high priority channel.
For PUSCH and PUCCH carrying HARQ-ACK, the priority of the channels should be given by an explicit PHY layer indication. However, for PUCCH carrying P-CSI, the priority is implicit; in particular, the PUCCH carrying P-CSI can either be assumed to be of low priority always, or its priority can be decided based on the BLER target for CSI reporting. 
Proposal 11: For a UE that supports different traffic types, RAN1 should discuss how the priority of PUCCH carrying P-CSI should be inferred in case it collides with another PUCCH or PUSCH. 
Conclusion
Proposal 1: For Rel. 16 eURLLC HARQ-ACK reporting with X PUCCHs per slot, semi-statically, split each uplink slot into X “virtual” sub-slots, and one PUCCH carrying HARQ-ACK can be transmitted starting in each sub-slot.
· The maximum value of X is 7

Proposal 2: When the subslots are configured, a UE determines the associated sub-slots for PDSCH and PUCCH as follows:
· A PDSCH is associated with sub-slot k if its last symbol is in sub-slot k
· A PUCCH is associated with sub-slot k if its starting symbol is in sub-slot k
Proposal 3: K1 for eURLLC HARQ-ACK reporting is indicated in the unit of sub-slot.

Proposal 4: For the type-1 codebook size determination, follow the NR Rel. 15 approach for PUCCH transmission carrying HARQ-ACK in a given subslot.
· FFS mechanisms to limit the Type 1 codebook size, e.g., restricting the length of the HARQ-ACK multiplexing window. 
Proposal 5: For type-2 codebook size determination, follow the NR Rel. 15 approach for PUCCH transmission carrying HARQ-ACK in a given subslot.

Proposal 6: NR Rel-16 support separate PUCCH resource and PUCCH resource set configurations for eURLLC and eMBB.
Proposal 7: For a Rel. 16 eURLLC UE, at most two HARQ-ACK codebooks can be simultaneously constructed. 
Proposal 8: Support PHY-layer differentiation between PDSCHs for the purpose of HARQ-ACK codebook determination. The mapping of HARQ-ACK bits to the two HARQ-ACK codebooks is determined via an explicit PHY-layer differentiation of the corresponding PDSCHs.
Proposal 9: In NR Rel-16, when a low priority PUCCH carrying HARQ-ACK and a high priority PUCCH carrying HARQ-ACK collide in time, a UE drops the low priority PUCCH including its HARQ-ACK and transmits the high priority PUCCH. 
· FFS whether additional timeline considerations for dropping the low priority PUCCH is needed.  

Proposal 10: In case of collision between a low priority PUSCH (PUCCH) and high priority PUCCH (PUSCH), always drop the low priority transmission; its contents is not piggybacked on the high priority channel.
Proposal 11: For a UE that supports different traffic types, RAN1 should discuss how the priority of PUCCH carrying P-CSI should be inferred in case it collides with another PUCCH or PUSCH.
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