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1 Introduction
In TSG-RAN#80 plenary meeting [1], the scope of new SID on physical layer enhancements for NR URLLC was defined [1]. This paper focuses the potential enhancements on UCI transmission. 
In the RAN1#94 meeting, it was agreed to study further how to enable more than one PUCCH for HARQ-ACK transmission within one slot and study further whether/how to enable enhanced reporting procedure/feedback for HARQ-ACK [2], and the need for enhanced CSI reporting/measurement mechanisms was also discussed [2]. Meanwhile, enhancements on UCI multiplexing for URLLC was also discussed in RAN2 email discussion and is most likely left to RAN1 discussion since it is mainly related to PHY procedure. This contribution mainly provide our views on the potential enhancements on these three aspects based on the agreements and feature lead summary [3] from the previous meetings.
2 HARQ-ACK Enhancements
This section mainly focuses on enabling more than one PUCCH for HARQ-ACK transmission within one slot, which firstly discusses the design principles based on the potential motivations for enabling more than one PUCCH for HARQ-ACK transmission within one slot, and then discusses some potential solutions to enable more than one HARQ-ACK transmission within one slot. 
2.1 Design Principles
According to the discussion in the RAN1#94 meeting, motivations to enable more than one HARQ-ACK transmissions within one slot could be briefly classified into the following three categories. Firstly, the direct motivation is to enable two or more ACK/NACK feedback at different locations within a slot, i.e., circumvent the ACK/NACK multiplexing and hence reduce the feedback delay. For example, as shown in Figure 1, two URLLC packets arrive closely and are transmitted on PDSCH 1 and PDSCH 2 within one DL slot. The corresponding ACK/NACK 1 and ACK/NACK 2 would be fed back as soon as possible to reduce the feedback delay, and the earliest feedback locations are at the beginning and at the ending of one slot respectively. It can be expected that large feedback delay would be incurred if ACK/NACK 1 would need to be multiplexed into ACK/NACK 2 and fed back at the ending of the slot. The increased feedback latency is unacceptable for some URLLC use cases. For example, the packet arrival interval and air interface latency is 1 ms for some factory automation applications, e.g., mobile robots in TR 22.804. 
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Figure 1: Separate ACK/NACK feedback for two URLLC PDSCHs 
Observation 1: Supporting more than one HARQ-ACK transmission within one slot is beneficial to latency reduction for ACK/NACK feedback for URLLC services.
Secondly, it is beneficial to enable separate ACK/NACK feedback for eMBB service and URLLC service due to the different latency and reliability requirement. For example, as shown in Figure 2, PDSCH 1, PDSCH 2 and PDSCH 4 carry eMBB data and their corresponding ACK/NACKs, all scheduled in slot #n, are assembled into one codebook and fed back by using a PUCCH resource 1 of format 4. While, PDSCH 3 carries URLLC data and the corresponding ACK/NACK is also scheduled in slot #n. But to guarantee the feedback reliability, a PUCCH resource 2 of format 0 is allocated for ACK/NACK 3 and gNB could identify the ACK/NACK state through sequence detection. Then if ACK/NACK 3 for URLLC would be multiplexed into ACK/NACK 1, 2, 4 for eMBB and transmitted on PUCCH resource 1, then the transmission reliability would be degraded.
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Figure 2: Separate ACK/NACK feedback for URLLC PDSCH and eMBB PDSCHs
Observation 2: Supporting more than one HARQ-ACK transmission within one slot is beneficial to latency reduction as well as reliability improvement for URLLC ACK/NACK feedback by enabling separate ACK/NACK feedback for URLLC and eMBB services.
Finally, enabling more than one HARQ-ACK transmission within one slot can improve the semi-static codebook feedback mechanism in case of intra-UE DL multiplexing. Specifically, if intra-UE DL multiplexing is supported, a latter urgent URLLC PDSCH (e.g. PDSCH 2) may occupy some resources of early scheduled eMBB PDSCH (PDSCH 1) for transmission. In such a case, UE is expected to feed back both the HARQ-ACK for eMBB PDSCH (e.g., HARQ-ACK 1) and the HARQ-ACK for URLLC PDSCH (e.g., HARQ-ACK 2). However, according to the Rel-15 mechanism, only one HARQ-ACK bit would be generated for overlapping PDSCH occasions, especially overlapping occasions with the same start symbol. 
Observation 3: Supporting more than one HARQ-ACK transmission within one slot is beneficial to separate ACK/NACK feedback for two overlapped PDSCHs in case of intra-UE DL multiplexing when semi-static HARQ-ACK codebook is configured.
Based on the above observations, it is desired to design a unified solution accommodating all the proposed motivations.  Meanwhile, the designed solution should be independent of the codebook configuration, i.e., is a general enhancement to both dynamic codebook feedback and semi-static codebook, or at least, should apply well to these two codebook configurations with suitable parameter adjustment.
Proposal 1: For more than one HARQ-ACK transmission within one slot, a unified solution applying to both dynamic codebook and semi-static codebook configurations should be designed by considering 
·  Latency reduction for URLLC HARQ-ACK feedback;
·  Separate HARQ-ACK feedback for URLLC service and eMBB service;
· Separate HARQ-ACK feedback for overlapped PDSCHs.
2.2
Potential Solutions
One simple way following the proposed design principle is to introduce a codebook indictor. As a result, UE could group the ACK/NACKs within one slot into different codebooks according to the indicator directly and then fed back these codebooks in different PUCCH resources indicated by different DCIs triggering different ACK/NACK codebook. This method is mainly designed for separate ACK/NACK feedback for URLLC and eMBB, and also is helpful to reduce the feedback latency. Meanwhile, the codebook indicator could be carried by DCI, and hence the method applies to the dynamic codebook configuration well. On the other hand, the codebook indicator could be configured and hence this method can also apply to the semi-static codebook configuration. However, it must be guaranteed that the allocated PUCCH resources for different codebooks are TDMed, or it is necessary to define the prioritization/multiplexing procedure when two or more PUCCHs carrying ACK/NACK overlaps with each other. 
Another solution is to enable a new timing indication with smaller granularity, e.g., symbol-level or half-slot-level timing indication. Obviously, this method is helpful to reduce the feedback delay for URLLC ACK/NACK, and also applies well to both dynamic and semi-static codebook configurations. For example, assuming a half-slot-level indication, then all ACK/NACKs scheduled in the same half-slot would be assembled into one codebook and feedback together, and hence the feedback delay incurred by ACK/NACK multiplexing would be reduced at least by a half. However, currently, both the PDSCH occasion and the PUCCH resource are defined within a slot, i.e., relative to the start of a slot, and how to handle the cross half-slot issues should be carefully considered. The problem would be more serious if the granularity is further reduced to one or two symbols. Moreover, the method cannot support separate ACK/NACK feedback for URLLC and eMBB services directly. For example, if URLLC ACK/NACK and eMBB ACK/NACK would also be directed into one half slot, then only one HARQ-ACK codebook is generated. But when multiple timing granularities are configured for URLLC ACK/NACK and eMBB ACK/NACK, we can determine the URLLC HARQ-ACK codebook on one half slot and eMBB HARQ-ACK codebook on one slot separately. Then these two codebooks could be fed back separately if the finally allocated PUCCH resource do not overlap with each other.  
Also, the reference point for the new timing indication can be redefined. In Rel-15, the reference point for K1 is the slot in which PDSCH transmits. For non-slot based PDSCH, the ending symbol of PDSCH can be in any position within a slot except the first symbol. As the set for K1 candidate values is semi-persistent configured, it will be redundant for some PDSCH scheduling. For example, when the end symbol of PDSCH is the last symbol of the slot, value 0 of K1 cannot be used. But when the end symbol of PDSCH is the second symbol of the slot, value 0 of K1 is necessary for capability 2 UE to ensure the low latency. For Rel-16 URLLC UE, the reference point can be redefined by considering the UE PDSCH processing procedure time. For example, symbol L is the earliest symbol UE can transmit HARQ-ACK, the reference point can be the time unit in which the symbol L locates. As discussed above, the granularity of the time unit can be symbol-level or half-slot-level. By defining the new reference point, the candidate values for timing indication in the RRC-configured sets can by fully used.
Proposal 2: The following three methods could be considered as enabling solutions for more than one HARQ-ACK transmission within one slot

· Grouping ACK/NACKs within one slot by introducing codebook indicator;

· Finer indication for HARQ feedback timing with the granularity of half slot level or symbol level;
· Redefining the reference point for HARQ-ACK timing indication considering the UE PDSCH processing procedure time.

Another issue for handling is how many HARQ-ACK transmissions should be permitted within one uplink slot. Considering the second motivation listed in Sec. 2.1, it is enough to configure two HARQ-ACK transmissions for eMBB ACK/NACK and URLLC ACK/NACK separately. But considering the first motivation, the most flexible way to reduce the ACK/NACK feedback latency for URLLC traffic is to enable a one-to-one feedback model, i.e., one URLLC PDSCH is linked to one PUCCH for ACK/NACK with a fixed feedback delay. In such a sense, when URLLC packets arrive sequentially, their ACK/NACK would also be fed back sequentially. Since the scheduling unit for type-B PDSCH is 2OS, 4OS or 7OS, the maximum number of HARQ-ACK transmissions within one slot is 7. However, according to the discussion in [4], the packet arrive rate for identified URLLC use cases is always not very high, e.g., 60/s for remote driving, 500/s for factory automation and 1200/s for differential protection. For each packet, if it is not too large and could be transmitted within one slot, then the required ACK/NACK feedback per slot is one. On the other hand, if the packet is large and would be split into several small packets, then these small packets must be transmitted on different slots. As a result, it may be enough to configure a smaller number of HARQ-ACK transmissions within one slot to support the one-to-one feedback.
To sum up, it may be good to assume two HARQ-ACK transmissions within one slot at the first step, and then discuss the detailed solution based on this assumption.

Proposal 3: The maximum number of HARQ-ACK transmissions within one slot should be relaxed to two to facilitate the solution design.
3 CSI Enhancements
Based on the layer 1 summary for RAN1#94bis meeting [3], the CSI enhancements mainly include two parts, i.e., A-CSI on short PUCCH and enhanced CSI measurement and reporting. This section would mainly focus on the A-CSI on short PUCCH while the enhanced CSI measurement and reporting are discussed in our companion paper [5].
3.1 Triggering Method
In Rel-15, A-CSI on short PUCCH was discussed in RAN1#90b meeting and the following email discussion. However, in the end A-CSI is only allowed to be triggered by UL grant and transmitted on PUSCH due to lack of time for further discussion on the details, although the support of A-CSI on short PUCCH was agreed in RAN1 AH #3 meeting. 
For A-CSI on short PUCCH, the following triggering methods have been proposed: 
· Option 1: A-CSI on S-PUCCH is triggered by DL assignment.
· Option 2: A-CSI on S-PUCCH is triggered by UL grant.

· Option 3: A-CSI on S-PUCCH is triggered by either DL assignment or UL grant. 
· Option 4: A-CSI on S-PUCCH is triggered by group-common DCI.

· Option 5: A-CSI on S-PUCCH is triggered implicitly, e.g. when data is decoded unsuccessfully.
For Option 2, if the UL grant also schedules a PUSCH, then it is unnecessary to carry A-CSI on PUCCH since we can schedule a short PUSCH to achieve the same effect. While if the UL grant does not schedule a PUSCH, then it is quite inefficient to use the whole DCI to trigger A-CSI, which also aggravates the PDCCH blocking problem. Option 4 is more resource efficient since the group-common DCI could carry more bit fields to trigger more than one UE to report A-CSI on PUCCH. However, except for the use case of factory automation, it is most likely that the packet arrival for different UEs are not synchronous [4], and hence it is unnecessary to trigger multiple UEs to feedback A-CSI at the same time since these UEs do not have downlink data for transmission simultaneously. Besides, it is also a large effort to accomplish the design for this specific group-common DCI. 
By contrast, Option 1 seems much natural since this feature is mainly designed to enable fast link adaption for the downlink of URLLC. Users who have downlink data for transmission originally need a DL assignment for scheduling PDSCH, and we can reuse this DL assignment to trigger A-CSI on short PUCCH to assist the gNB to adjust the transmission parameters for the repetitions for the same packet and also the subsequent PDSCHs for next packet. 

Option 5 is an implicit method, and cannot provide sufficient flexibility for A-CSI triggering. For example, even if the data is successfully decoded, it may be useful to feedback the A-CSI to assist the MCS selection for the PDSCH transmission of the next packet when the packet arrival interval is small. Also, in some cases, e.g., remote driving, the packet size is large, and has two be split into two small packets to transmit on two slots. Then even if the first small packet is successfully decoded, it is useful to feedback the A-CSI for the transmission of the next packet.
To sum up, Option 1 is more reasonable and should be considered in Rel-16.
Proposal 4: A-CSI on short PUCCH triggered by DL assignment should be supported in Rel-16 for URLLC.
3.2 Solutions to enable A-CSI on short PUCCH triggered by DL assignment 
If A-CSI on short PUCCH triggered by DL assignment is supported in Rel-16, how to indicate the uplink slot and PUCCH resource for A-CSI report should be considered. One option is to design separate A-CSI feedback from HARQ-ACK, and then it is necessary to add or reuse some bit fields in downlink assignment to indicate the timing value and PUCCH resource for A-CSI report. As one choice, we can use the timing indicator and ARI for HARQ-ACK feedback to indicate the timing value and PUCCH resource for A-CSI, wherein extra high layer parameters are needed to configure an extra timing value set and PUCCH resource set for A-CSI dedicatedly.
Another option is to enable joint A-CSI and HARQ-ACK feedback. That is, the A-CSI report are transmitted on the assigned PUCCH resource for HARQ-ACK. This method is simple and requires less change of the specification at the cost of less flexibility. For example, the PUCCH resource for HARQ-ACK is restricted to be short PUCCH, and the feedback of either HARQ-ACK or A-CSI should be delayed to align with the other one.
Proposal 5: For A-CSI on short PUCCH triggered by DL assignment, further study
· Feedback mode (e.g. separate or joint reporting of A-CSI and HARQ-ACK),
· Timing indication and PUCCH resource allocation in case of separate feedback model.
4 UCI Multiplexing Enhancements
The design for UCI multiplexing in Rel-15 does not distinguish URLLC UCI and eMBB UCI. Obviously, some UCI has higher requirement from latency and reliability perspective, e.g., HARQ-ACK for downlink URLLC data or SR for uplink URLLC data, and hence should be transmitted with higher priority. This issue has been recognized in RAN1 #92b meeting [6], but was not solved due to insufficient time. In this section, we first proposed several methods to differentiate URLLC channel from eMBB channel in the PHY layer, and then discuss some potential cases for UCI multiplexing enhancements.
4.1 Differentiation of URLLC Channel and eMBB Channel
Intra-UE multiplexing is under discussion in RAN2, and some potential cases for further study has been listed in [7], including both intra-UE DL prioritization and intra-UE UL multiplexing. Most likely, some of these cases would be moved to RAN1 for further discussion and hence it is necessary to design a mechanism to differentiate eMBB channel and URLLC channel in the PHY layer. Specifically, if the URLLC service cannot be distinguished from eMBB service then in intra-UE DL multiplexing case, the UE receiving PI indication would also flush its URLLC data [8]. Similarly, in the intra-UE uplink multiplexing case, the UE cannot stop the process for eMBB UL grant and turn to proceed URLLC UL grant timely, leading to unacceptable URLLC data latency [8].  
Observation 4: Distinguishing eMBB/URLLC services is necessary, especially for the intra-UE multiplexing scenario.
For this end, it is better to design a unified solution for all intra-UE multiplexing cases. But if the designed solution is too complicated, it is also feasible to design independent solutions for different cases. Meanwhile, compared to semi-static indication manner through high layer parameter, it is more flexible to indicate the service identification information through DCI in either an explicit way or an implicit way. 
Proposal 6: The following two aspects should be considered for differentiation of eMBB and URLLC services
· A unified method for all cases should be considered first while independent methods for different cases are also not precluded.
· The dynamic indication method, including explicit and implicit methods, through DCI is more flexible and hence should be considered first.
4.2 Potential Cases and Requirements for UCI Multiplexing Enhancements
In Rel-15, a timeline is defined for UCI multiplexing, including the first symbol of overlapping PUCCHs and/or PUSCH is N1+X away from the ending symbol of corresponding PDSCHs (if one PUCCH carries ACK/NACK) and meanwhile N2+Y away from the scheduling UL Grant (if PUCCHs overlaps with  one GB PUSCH). Meanwhile, it is required that for ACK/NACK piggyback on GB PUSCH, the scheduling UL grant must be no earlier than the scheduling DCI for ACK/NACK. Then if the timeline is satisfied, then UCI multiplexing would be implemented; and if the timeline is not satisfied, an error case occurs and no UE behaviour is specified. This design is a unified solution without any optimization on latency and reliability for URLLC UCI. During the last meeting in R15, the following two potential enhanced solutions are proposed to enable enhancements for URLLC UCI.

· Option 1: Transmit the URLLC UCI and drop/stop other overlapping channels.

· Option 2: Allow UCI multiplexing if timeline requirements are satisfied. Otherwise, transmit the URLLC UCI and drop/stop other overlapping channels.
Option 1 is a rough solution and it is so rough to drop other UCI directly especially when other UCI includes ACK/NACKs for many PDSCHs. By contrast, option 2 is not robust for URLLC UCI. Hence, further study on more suitable solutions are required. 
In our understanding, the solution should be designed based on the detailed cases in which enhancements are required. We have listed three cases for UCI multiplexing enhancements in [9], including 1) URLLC UCI and eMBB UCI multiplexing on PUCCH, 2) URLLC UCI and eMBB data multiplexing on PUSCH, and 3) eMBB UCI and URLLC data multiplexing on PUSCH.
For the first case, simply multiplexing URLLC UCI with eMBB UCI on one PUCCH for transmission would incur extra feedback latency and also degrade the reliability in some cases. For example, as shown in the left of Figure 3, PUCCH 1 is a short PUCCH carrying URLLC SR while PUCCH 2 is a long PUCCH carrying CSI. These two PUCCHs overlap with the same starting symbol, but multiplexing URLLC SR into PUCCH 2 will unavoidably cause extra latency for URLLC SR transmission, and hence delay the uplink transmission of URLLC data. Similarly, as shown in the right hand, if PUCCH 1 carries 1~2 bit URLLC ACK/NACK and is sequence-base transmission, i.e., format 0. Then multiplexing eMBB CSI into PUCCH 1 will change the format of PUCCH 1 and hence reduce the transmission reliability.  
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Figure 3: Illustration for URLLC UCI multiplexing with eMBB UCI

Observation 5: The current solution for UCI multiplexing on PUCCH would incur extra feedback latency as well as reliability degradation, and hence further study for enhanced solutions is needed.
Proposal 7: Additional rules in addition to the timeline should be defined for URLLC UCI multiplexing with other UCI on PUCCHs to guarantee the low-latency and high reliable transmission of URLLC UCI.
For the second case, since URLLC UCI has different latency and reliability requirements from eMBB UCI, it is better to design different mapping rules for these two kinds of UCI when piggyback on PUSCH. For example, it is better to map URLLC UCI only on the first hop for latency reduction if frequency hopping is enabled for PUSCH. Meanwhile, different beta-offset values could be used for URLLC UCI and eMBB UCI to achieve different effective code rates, resulting in differentiated reliability guarantee. 
Observation 6: The current UCI mapping method on PUSCH would incur extra feedback latency and also is unable to provide different reliability guarantees for URLLC UCI and eMBB UCI.

Proposal 8: Study enhanced UCI mapping methods for URLLC UCI, e.g., only mapping on the first hop and enabling different beta-offset from eMBB UCI.
For the third case, it is more reasonable to prioritize URLLC data transmission compared with eMBB UCI. For this end, a dynamic disable mechanism could be designed to indicate UE not to piggyback UCI on PUSCH. This could be achieved by adding one new indicator in DCI or re-using some existing bit fields. Alternatively, we could extend the range of current beta-offset values to include at least beta-offset < 1 and even beta-offset=0, and accordingly allocate less resource for UCI and reserve more resource for data transmission.
Observation 7: The current UCI piggyback method cannot guarantee the transmission reliability for URLLC PUSCH on which eMBB UCI is piggybacked.

Proposal 9: Study enhanced UCI piggyback method to prioritize URLLC data transmission, e.g., disabling UCI piggyback through indication in DCI and enabling smaller beta-offset.
5 Conclusions 
In this contribution, we discuss the enhanced UCI feedback for URLLC, and observations and proposals are given as follows.
Observation 1: Supporting more than one HARQ-ACK transmission within one slot is beneficial to latency reduction for ACK/NACK feedback for URLLC services.
Observation 2: Supporting more than one HARQ-ACK transmission within one slot is beneficial to latency reduction as well as reliability improvement for URLLC ACK/NACK feedback by enabling separate ACK/NACK feedback for URLLC and eMBB services.
Observation 3: Supporting more than one HARQ-ACK transmission within one slot is beneficial to separate ACK/NACK feedback for two overlapped PDSCHs in case of intra-UE DL multiplexing when semi-static HARQ-ACK codebook is configured.
Observation 4: Distinguishing eMBB/URLLC services is necessary, especially for the intra-UE multiplexing scenario.
Observation 5: The current solution for UCI multiplexing on PUCCH would incur extra feedback latency as well as reliability degradation, and hence further study for enhanced solutions is needed.
Observation 6: The current UCI mapping method on PUSCH would incur extra feedback latency and also is unable to provide different reliability guarantees for URLLC UCI and eMBB UCI.
Observation 7: The current UCI piggyback method cannot guarantee the transmission reliability for URLLC PUSCH on which eMBB UCI is piggybacked.
Proposal 1: For more than one HARQ-ACK transmission within one slot, a unified solution applying to both dynamic codebook and semi-static codebook configurations should be designed by considering 
·  Latency reduction for URLLC HARQ-ACK feedback;
·  Separate HARQ-ACK feedback for URLLC service and eMBB service;
· Separate HARQ-ACK feedback for overlapped PDSCHs.
Proposal 2: The following three methods could be considered as enabling solutions for more than one HARQ-ACK transmission within one slot

· Grouping ACK/NACKs within one slot by introducing codebook indicator;

· Finer indication for HARQ feedback timing with the granularity of half slot level or symbol level;

· Redefining the reference point for HARQ-ACK timing indication considering the UE PDSCH processing procedure time.
Proposal 3: The maximum number of HARQ-ACK transmissions within one slot should be relaxed to two to facilitate the solution design.
Proposal 4: A-CSI on short PUCCH triggered by DL assignment should be supported in Rel-16 for URLLC.
Proposal 5: For A-CSI on short PUCCH triggered by DL assignment, further study
· Feedback mode (e.g. separate or joint reporting of A-CSI and HARQ-ACK),

· Timing indication and PUCCH resource allocation in case of separate feedback model.
Proposal 6: The following two aspects should be considered for differentiation of eMBB and URLLC services
· A unified method for all cases should be considered first while independent methods for different cases are also not precluded.
· The dynamic indication method, including explicit and implicit methods, through DCI is more flexible and hence should be considered first.
Proposal 7: Additional rules in addition to the timeline should be defined for URLLC UCI multiplexing with other UCI on PUCCHs to guarantee the low-latency and high reliable transmission of URLLC UCI.
Proposal 8: Study enhanced UCI mapping methods for URLLC UCI, e.g., only mapping on the first hop and enabling different beta-offset from eMBB UCI.
Proposal 9: Study enhanced UCI piggyback method to prioritize URLLC data transmission, e.g., disabling UCI piggyback through indication in DCI and enabling smaller beta-offset.
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