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Introduction
During RAN1 #102-e meeting, RAN1 made following agreements regarding intra-UE multiplexing enhancement for  Industrial Internet of Things (IoT) and ultra-reliable and low latency communication (URLLC) [1]:
Agreements:
· Simultaneous PUSCH / PUCCH within a cell group (of Sec. 6.13 of R1-2007216) and enhanced (sub-slot) HARQ-ACK multiplexing on PUSCH (of Sec. 4.3 of R1-2007216) can be further discussed as part of AI 8.3.3 in this WI (but not as part of AI 8.3.1.1).   
Agreements:
Support multiplexing for following scenarios in R17:
· Multiplexing a high-priority HARQ-ACK and a low-priority HARQ-ACK into a PUCCH in R17.
· Multiplexing a low-priority HARQ-ACK and a high-priority SR into a PUCCH for some HARQ-ACK/SR PF combinations (FFS applicable combinations).
· Multiplexing a low-priority HARQ-ACK, a high-priority HARQ-ACK and a high-priority SR into a PUCCH.
For the above multiplexing scenarios,
· FFS conditions, if needed, for the multiplexing, e.g
· Whether to support multiplexing between different resources not confined within a sub-slot.
· Whether to support multiplexing in case a PUCCH overlaps with more than one PUCCH.
· Timeline requirements.
· FFS: details, if needed, of the multiplexing scheme, e.g.
· How to minimize impact on the latency for high-priority HARQ-ACK.
· How to determine the PUCCH resource used for multiplexing (e.g. HP or LP PUCCH resource, or a dedicated PUCCH resource for the multiplexing).
· How to multiplex the HARQ-ACK bits (e.g. multiplexing, bundling).
· How to encode the UCIs with different priorities (e.g. separate coding vs. joint coding)
· How to guarantee the target code rate (e.g. payload control, multiplexing priority, LP HARQ-ACK compression/compaction).
· Explicit indication for enabling multiplexing.
· Multiplexing rule and order (e.g. HP/LP multiplexing is after resolving collision within the same priority).
Agreements:
Support multiplexing for following scenarios in R17:
· Multiplexing a low-priority HARQ-ACK in a high-priority PUSCH (conveying UL-SCH only).
· Multiplexing a high-priority HARQ-ACK in a low-priority PUSCH (conveying UL-SCH only)
· Multiplexing a low-priority HARQ-ACK, a high-priority PUSCH conveying UL-SCH, a high-priority HARQ-ACK and/or CSI.
· [bookmark: _Hlk54354745]Multiplexing a high-priority HARQ-ACK, a low-priority PUSCH conveying UL-SCH, a low-priority HARQ-ACK and/or CSI.
For the above multiplexing scenarios,
· Support separate configurations of at least beta-offset values (FFS for alpha) for multiplexing with different priority combinations. 
· FFS for other separate configurations.
· FFS: value range of beta-offset (e.g. <1).
· FFS the conditions, if needed, for multiplexing, e.g.
· FFS: Whether to support multiplexing in case a PUCCH/PUSCH overlaps with more than one PUCCH/PUSCH.
· Timeline requirements.
· FFS: details, if needed, of the multiplexing scheme, e.g.
· How to minimize impact on the latency for high-priority HARQ-ACK.
· How to multiplex the HARQ-ACK bits (e.g. multiplexing, bundling)?
· How to encode the UCIs with different priorities (e.g. separate coding vs. joint coding).
· How to guarantee the target code rate (e.g. payload control, multiplexing priority, LP HARQ-ACK compression/compaction).
· Explicit indication for multiplexing.
· Multiplexing rule and order (e.g. HP/LP multiplexing is after resolving collision within the same priority).
· How to handle multiplexing of UCI of different priorities and CG-UCI in a CG-PUSCH
Agreements:
Support PHY prioritization for the case where low-priority DG-PUSCH collides with high-priority CG-PUSCH in R17.
· FFS details
· Clarify R16 baseline if needed.
Agreements:
Support simultaneous PUCCH/PUSCH transmissions on different cells at least for inter-band CA.
· FFS how to trigger this function. 
· FFS for intra-band CA.

In this document, we discuss potential enhancements for UCI multiplexing on PUSCH in order to efficiently handle traffic with different priorities and to fully support low-latency HARQ-ACK feedback. 
Enhanced sub-slot based HARQ-ACK multiplexing
In Rel-16 NR, a UE can be configured with a sub-slot based HARQ-ACK feedback procedure in order to support low latency HARQ-ACK feedback. However, the Rel-16 NR allow the UE to perform multiplexing of uplink control information (UCI) including HARQ-ACK information into a PUSCH based on a slot-based HARQ-ACK feedback framework. For example, according to TS 38.213 [2], “a UE does not expect to multiplex in a PUSCH transmission or in a PUCCH transmission HARQ-ACK information that the UE would transmit in different PUCCHs.” Thus, if a PUSCH or PUCCH with longer duration in a slot is scheduled together with multiple short PUCCHs carrying sub-slot based HARQ-ACK information in the slot, the UE may drop most of the sub-slot based HARQ-ACK information and accordingly, the low-latency HARQ-ACK feedback may not be fully realized. 
Observation 1: Rel-16 NR allow UE to perform multiplexing of UCI including HARQ-ACK into a PUSCH based on a slot-based multiplexing framework. Thus, low-latency HARQ-ACK feedback may not be fully realized.  
To fully exploit the benefit of sub-slot based HARQ-ACK feedback without stringent PUSCH/PUCCH scheduling restrictions, RAN1 may have to consider enhancing UCI multiplexing rules including timeline requirements.  
In an example shown in Figure 1 below, a UE is dynamically scheduled to transmit a PUSCH by a PDCCH including UL DCI and also receives another PDCCH including DL DCI that schedules a PDSCH and a corresponding PUCCH for sub-slot based HARQ-ACK feedback in a sub-slot 1 of a slot ‘n’, where the PUSCH overlaps in time with the PUCCH in the sub-slot 1 of the slot ‘n’. If the starting symbol of the PUSCH is not before a symbol with cyclic prefix (CP) starting after a PUSCH preparation time  after a last symbol of the PDCCH including the DL DCI and if another symbol of the PUSCH is not before a symbol with CP starting after a PDSCH processing time ,  after a last symbol of the PDSCH, where the another symbol is the earliest symbol of the PUSCH that overlaps with the PUCCH in the sub-slot 1 of the slot ‘n’, the UE multiplexes HARQ-ACK information bits scheduled to transmit on the PUCCH in the sub-slot into the part of the PUSCH within the sub-slot  and does not transmit the PUCCH. Note that the starting symbol of the PUSCH, is not before a symbol with CP starting after  after a last symbol of the PDCCH including the UL DCI. The UE may compute the number of coded modulation symbols per layer for HARQ-ACK transmission by including only symbols of the PUSCH (e.g., including DMRS symbols) that are within the sub-slot when counting the number of resource elements that can be used for transmission of UCI. 
With enhanced multiplexing timeline requirements, if a UE is dynamically scheduled or configured to transmit a PUSCH and also to transmit a PUCCH for sub-slot based HARQ-ACK feedback in a given sub-slot, where the PUSCH overlaps in time partially or fully with the PUCCH in the sub-slot, and if the PUSCH and the PUCCH are in a same priority, the UE may determine whether to multiplex HARQ-ACK in the PUSCH or to cancel a transmission of the PUSCH and transmit HARQ-ACK in the PUCCH, based on an available resource of the PUSCH within the sub-slot, e.g. the number of available symbols of the PUSCH within the sub-slot (e.g., not including DMRS symbols).
Proposal 1: Support multiplexing of multiple sub-slot based HARQ-ACK transmissions in a PUSCH spanning more than one sub-slot. 
Proposal 2: Study necessary changes in multiplexing timeline requirements to enable sub-slot based HARQ-ACK multiplexing in PUSCH.
[image: ]
Figure 1 Example timing relations for sub-slot level HARQ-ACK multiplexing in PUSCH
Low-priority UCI multiplexing in high-priority PUSCH
In RAN1#102-e, it was agreed to support multiplexing low-priority HARQ-ACK in a high-priority PUSCH conveying UL-SCH only. Further, RAN1 agreed to support multiplexing low-priority HARQ-ACK in a high-priority PUSCH conveying UL-SCH, high-priority HARQ-ACK, and/or CSI. We think a couple of additional cases for low-priority UCI multiplexing in a high-priority PUSCH need to be addressed. For example,
· Collision of low-priority HARQ-ACK (with/without SR) with a high priority PUSCH without UL-SCH 
· Collision of low-priority SR with a high priority PUSCH without UL-SCH 
If a UE is indicated to multiplex a semi-persistent or aperiodic CSI report into a high-priority PUSCH that overlaps with a low-priority PUCCH including HARQ-ACK with/without SR information and if the UE would transmit the high priority PUSCH without UL-SCH, the UE can multiplex the semi-persistent or aperiodic CSI report and the low-priority HARQ-ACK with/without SR information into the high-priority PUSCH without UL-SCH.
If a UE is indicated to multiplex a semi-persistent or aperiodic CSI report into a high-priority PUSCH that overlaps with a low-priority PUCCH including SR information and if the UE would transmit the high priority PUSCH without UL-SCH, the UE can multiplex the semi-persistent or aperiodic CSI report and the low-priority SR information into the high-priority PUSCH without UL-SCH.
Since UL-SCH is not included in the high priority PUSCH, decoding performance of the PUSCH payload may not be impacted significantly, as long as the number of the low priority SR or SR/HARQ bits is small. Similarly, low-priority HARQ-ACK without SR can be multiplexed into the high priority PUSCH without UL-SCH, if the overlapping occurs.  
For example, if gNB explicitly indicates UE not to include UL-SCH in the high-priority PUSCH (e.g. an UL-SCH indicator field in DCI format 0_1 is set to 0), gNB may perform decoding of the semi-persistent or aperiodic CSI report assuming that eMBB SR information (i.e. indication of positive or negative SR) is multiplexed in the high priority PUSCH (i.e. when the PUCCH for eMBB SR overlaps with the high priority PUSCH). If the UE is also due for HARQ-ACK reporting with the overlapping low-priority PUCCH, gNB may take into account potential existence of eMBB HARQ-ACK in the high priority PUSCH. In this case, the UE may apply spatial bundling of eMBB HARQ-ACK in the high priority PUSCH irrespective of harq-ACK-SpatialBundlingPUSCH setting for the high priority PUSCH, in order to reduce the number of required resource elements for multiplexing the low priority SR and HARQ-ACK with or without SR in the high priority PUSCH. 
Proposal 3: In Rel-17 NR, support multiplexing of low priority SR, SR/HARQ-ACK, or HARQ-ACK without SR into a high priority PUSCH without UL-SCH. 
High-priority UCI multiplexing in low-priority PUSCH
In RAN1#102-e, it was agreed to support multiplexing high-priority HARQ-ACK in a low-priority PUSCH conveying UL-SCH only and to support multiplexing high-priority HARQ-ACK in a low-priority PUSCH conveying UL-SCH, a low-priority HARQ-ACK and/or CSI. Furthermore, a high-level agreement has been made to support separate configurations of at least beta-offset values for multiplexing with different priority combinations. However, specific configurations related to different priority combinations still need to be discussed and agreed. For the scenario of multiplexing high priority HARQ-ACK in low priority PUSCH conveying only UL-SCH and multiplexing high priority HARQ-ACK in a low-priority PUSCH conveying UL-SCH, a low-priority HARQ-ACK and/or CSI, both low-latency and high reliability requirements should be considered. Having an additional beta offset value for high priority HARQ-ACK for low code rate transmission could help satisfy the reliability requirement, but low-latency could be an issue. 
Observation 2: For multiplexing high priority HARQ-ACK in low priority PUSCH, applying different beta offset values depending upon priority level might not be enough to satisfy low-latency requirement.  
Another solution could be to support repetition of high priority HARQ-ACK (shorter length with relatively high code rate) in low priority PUSCH (longer length), as illustrated by an example in Figure 2. This could allow to use a smaller number of initial symbols for the first transmission and later symbols for repetitions. 
[bookmark: _GoBack]
Figure 2 Example multiplexing of (high priority) HARQ-ACK repetitions in (low-priority) PUSCH
Proposal 4: Consider supporting repetitions of high priority UCI such as HARQ-ACK in low priority PUSCH to ensure both the low-latency and high reliability requirements.
Enhanced rate matching of UCI in PUSCH
If UCI is allowed to be multiplexed in a PUSCH with a different priority (e.g. low priority UCI multiplexed into a high priority PUSCH, high priority UCI multiplexed into a low priority PUSCH), it may be necessary to set the maximum number of resource elements assigned to the low priority UCI in the PUSCH to be smaller than the maximum number of resource elements assigned to the high priority UCI in the PUSCH. This would be even more beneficial when both the low priority UCI and the high priority UCI are multiplexed in the PUSCH.    

In order to allocate different maximum numbers of resource elements to UCI with different priorities, a UE may be configured with multiple scaling values. For example, the UE may apply a smaller scaling value for the variable  in the equation shown below, to determine the maximum allowed number of coded modulation symbols per layer for low priority UCI. 

As an example, for HARQ-ACK transmission on PUSCH with UL-SCH, the number of coded modulation symbols per layer for HARQ-ACK transmission, denoted as , is determined as follows [3]:

	.
For a case of high priority UCI, the UE may apply a larger scaling value to determine a larger maximum allowed number of coded modulation symbols per layer for the high priority UCI and accordingly to improve reliability of the high priority UCI. 
As described above, separate encoding and rate matching (with separate scaling values) for high priority UCI and low priority UCI, respectively, are desired to satisfy different reliability requirements.  

Proposal 5: Support configuring more than one scaling value for the variable , to allocate different maximum numbers of resource elements to UCI with different priorities.  
Proposal 6: UCI with different priorities are separately encoded and rate-matched. 
Conclusion
In summary, we observe and propose the followings for intra-UE multiplexing enhancement for Rel-17 IIoT/URLLC:
· Observation 1: Rel-16 NR allow UE to perform multiplexing of UCI including HARQ-ACK into a PUSCH based on a slot-based multiplexing framework. Thus, low-latency HARQ-ACK feedback may not be fully realized.  
· Proposal 1: Support multiplexing of multiple sub-slot based HARQ-ACK transmissions in a PUSCH spanning more than one sub-slot. 
· Proposal 2: Study necessary changes in multiplexing timeline requirements to enable sub-slot based HARQ-ACK multiplexing in PUSCH.
· Proposal 3: In Rel-17 NR, support multiplexing of low priority SR, SR/HARQ-ACK, or HARQ-ACK without SR into a high priority PUSCH without UL-SCH.
· Observation 2: For multiplexing high priority HARQ-ACK in low priority PUSCH, applying different beta offset values depending upon priority level might not be enough to satisfy low-latency requirement.  
· Proposal 4: Consider supporting repetitions of high priority UCI such as HARQ-ACK in low priority PUSCH to ensure both the low-latency and high reliability requirements.
· 
Proposal 5: Support configuring more than one scaling value for the variable , to allocate different maximum numbers of resource elements to UCI with different priorities.  
· Proposal 6: UCI with different priorities are separately encoded and rate-matched. 
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