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Introduction
During RAN1 #103-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:
For multiplexing UCIs of different priorities in a PUCCH in R17, 
· Support of multiplexing between different resources not confined within a sub-slot if conditions are met
· FFS: Details 
· Support multiplexing in case a PUCCH overlaps with more than one PUCCH if conditions are met
· FFS details

Agreements:
For multiplexing a high-priority (HP) HARQ-ACK and a low-priority (LP) HARQ-ACK into a PUCCH in R17, when the total number of LP and HP HARQ-ACK bits are more than 2 bits, down-select from the following options in RAN1#104-e:
· Option 1: Support joint coding.
· Option 2: Support separate coding.
· Option 3: Combination of Option1 and 2.
· FFS the details
For multiplexing a high-priority (HP) HARQ-ACK and a low-priority (LP) HARQ-ACK into a PUCCH in R17, when the total number of LP and HP HARQ-ACK bits is 2 bits, provide design details for decision for the following cases in RAN1#104-e:
·        Multiplexing on a PUCCH format 0
·        Multiplexing on a PUCCH format 1

Agreements:
For multiplexing a high-priority (HP) HARQ-ACK and a low-priority (LP) HARQ-ACK into a PUCCH in R17, support a mechanism for gNB to enable/disable the multiplexing.
· FFS the type of the mechanism, e.g. DCI indication and/or RRC configuration
· FFS: Interaction between the enable/disable mechanism and other multiplexing conditions
· FFS for other types of UCI.

Agreements:
For HARQ-ACK multiplexing on PUSCH of different priority in R17, support a mechanism for gNB to enable/disable the multiplexing.
· FFS the type of the mechanism, e.g. DCI indication and/or RRC configuration, beta_offset=0
· FFS: Interaction between the enable/disable mechanism and other multiplexing conditions
· FFS for other types of UCI.

Agreements:
Support PHY prioritization of overlapping high-priority dynamic grant PUSCH and low-priority configured grant PUSCH on a BWP of a serving cell in R17.
· FFS the related cancelation behavior for the PUSCH of lower PHY priority and other details.
· First clarify what is the scope of this feature, e.g. if overlapping between more than 2 channels is considered.
· FFS the timeline requirements.
· First clarify what is the behavior of Rel-16 UE in case of DG/CG/UCI overlapping, with and without uplink skipping enabled.
· FFS UE capability for this feature.
· Note: The main bullet has been agreed in the WID by RAN Plenary.

In this document, we discuss details for multiplexing UCI of different priorities on PUCCH and on PUSCH. 
UCI multiplexing of different priorities in PUCCH 
[bookmark: _Ref61798980]PUCCH resource determination for multiplexed low priority (LP) HARQ-ACK and high priority (HP) HARQ-ACK/SR
When a UE multiplexes HP HARQ-ACK/scheduling request (SR) with LP HARQ-ACK in a PUCCH resource, the PUCCH resource and a corresponding priority index can be determined based on the highest priority of the multiplexed uplink control information (UCI), in order to reliably transmit UCI of the highest priority. That is, the PUCCH resource used for transmission of UCI of mixed priorities can be selected from PUCCH resources of a higher priority index (e.g. priority index 1).  
For example, if a UE is provided first and second PUCCH-Config (i.e. configured to simultaneously construct two HARQ-ACK codebooks, LP HARQ-ACK codebook associated with the first PUCCH-Config and HP HARQ-ACK codebook associated with the second PUCCH-Config) and if the UE determines multiplexing of LP HARQ-ACK with HP HARQ-ACK and/or HP SR and transmits  information bits corresponding to UCI of mixed priorities, the UE determines a PUCCH resource set to be 
-	a first set of PUCCH resources with pucch-ResourceSetId = 0 of the second PUCCH-Config if  including 1 or 2 LP/HP HARQ-ACK information bits and a positive or negative HP SR on one HP SR transmission occasion (if simultaneous transmission of HP SR and LP/HP HARQ-ACK occur), or
-	a second set of PUCCH resources with pucch-ResourceSetId = 1 of the second PUCCH-Config, if provided by higher layers, if  where  is equal to maxPayloadSize if maxPayloadSize is provided for the PUCCH resource set with pucch-ResourceSetId = 1 of the second PUCCH-Config; otherwise is equal to 1706, or
-	a third set of PUCCH resources with pucch-ResourceSetId = 2 of the second PUCCH-Config, if provided by higher layers, if  where  is equal to maxPayloadSize if maxPayloadSize is provided for the PUCCH resource set with pucch-ResourceSetId = 2; otherwise is equal to 1706, or
-	a fourth set of PUCCH resources with pucch-ResourceSetId = 3 of the second PUCCH-Config, if provided by higher layers, if . 
Furthermore, the UE may be provided a semi-statically configured PUCCH resource indicator (PRI) value, which is used for determining a PUCCH resource among a set of PUCCH resources of the determined PUCCH resource set of the second PUCCH-Config.
Since the PUCCH resource for transmission of UCI of mixed priorities is selected from the second PUCCH-Config associated with the HP HARQ-ACK codebook, low-latency HP HARQ-ACK feedback and low-latency HP SR can be guaranteed even when LP HARQ-ACK is multiplexed with HP HARQ-ACK and/or HP SR.  
Proposal 1: A PUCCH resource and a corresponding priority index for multiplexing UCI of mixed priorities are determined based on the highest priority of the multiplexed UCI, in order to guarantee necessary reliability and low latency transmission.
Multiplexing LP HARQ-ACK and HP HARQ-ACK with/without HP SR
Case 1: Multiplexing UCI of mixed priorities in PUCCH format 0 or 1
When a UE multiplexes up to 2bit HARQ-ACK information of mixed priorities with/without a positive HP SR in a PUCCH resource of PUCCH format 0 or 1, LP/HP HARQ-ACK bits and additionally HP SR can be indicated in a same way that HARQ-ACK bits of the same priority and additionally SR of the same priority are indicated in PUCCH format 0 or 1, according to Subclause 9.2.3 and 9.2.5.1 of TS 38.213 [2]. As mentioned in Section 2.1, the PUCCH resource can be selected from PUCCH resources configured by the second PUCCH-Config associated with HARQ-ACK codebook of higher priority index.  
Case 2: Multiplexing UCI of mixed priorities in PUCCH format 2, 3, or 4
When a UE would transmit HP UCI (i.e. HP HARQ-ACK and/or HP SR) in a PUCCH of higher priority index that would overlap in time with a transmission of a PUCCH of lower priority index including LP HARQ-ACK and when the total number of HARQ-ACK bits is larger than 2, the UE may determine whether to multiplex the LP HARQ-ACK in a PUCCH resource of PUCCH format 2, 3, or 4 of higher priority index, based on
· whether the total payload consisting of LP HARQ-ACK and HP UCI (i.e. HP HARQ-ACK and/or HP SR) is less than a supportable payload based on configured parameters of the maximum code rate and the maximum number of PRBs of a given PUCCH format; and/or
· whether the PUCCH of lower priority index carrying LP HARQ-ACK is confined within a sub-slot where the transmission of the PUCCH of higher priority index would occur.
For example, if the payload size of UCI of mixed priorities is larger than the maximum payload size determined based on the configured nrofPRBs and maxCodeRate for multiplexing UCI of mixed priorities in a PUCCH transmission using PUCCH formats 2/3/4, the UE may not multiplex LP HARQ-ACK with HP HARQ-ACK/SR. Otherwise, the UE jointly encodes HP UCI with LP HARQ-ACK for transmission in a PUCCH.
For the case that LP HARQ-ACK is not multiplexed with HP UCI due to the large payload size, if the PUCCH of lower priority index carrying LP HARQ-ACK is not confined within the sub-slot (e.g. sub-slot n) where the transmission of the PUCCH of higher priority index carrying HP UCI would occur, the UE may further determine a separate PUCCH resource for LP HARQ-ACK that would not overlap (e.g., in time) with the PUCCH of higher priority index for HP UCI and performs a separate transmission on the separate PUCCH resource.
For example, the separate PUCCH resource for LP HARQ-ACK is in a sub-slot (e.g. sub-slot n+x, where x is a positive integer) following the sub-slot where the transmission of the PUCCH of higher priority index occurs. If the PUCCH of low priority index overlaps with a transmission of another PUCCH of higher priority index for another HP UCI in the next sub-slot (e.g. sub-slot n+1), decision of joint encoding and multiplexing (or separate encoding with separate transmission) is based on the total UCI payload size in sub-slot (n+1) and/or whether the PUCCH of lower priority index is confined within the sub-slot (n+1). Thus, the UE can handle the case that the PUCCH of lower priority index overlaps in time with more than one PUCCH of higher priority index. 
Proposal 2: UE determines whether to multiplex LP HARQ-ACK with HP UCI in a PUCCH resource of PUCCH format 2, 3, or 4 of higher priority index, based on the total UCI payload size and configured max. code rate/max PRB parameters.
Proposal 3: Support joint encoding of HP UCI with LP HARQ-ACK, if multiplexed in PUCCH of PUCCH formats 2, 3, and 4.
Proposal 4: If LP HARQ-ACK not multiplexed due to payload size limitation, UE can further check possible multiplexing in the next sub-slot, as long as a PUCCH of low priority index for LP HARQ-ACK is not confined to a current sub-slot.  
UCI multiplexing of different priorities in PUSCH 
Enhanced multiplexing timeline
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 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 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 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, 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 5: Support multiplexing of multiple sub-slot based HARQ-ACK transmissions in a PUSCH spanning more than one sub-slot. 
Proposal 6: 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 7: 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. Another high-level agreement has been made to support separate configurations of at least beta-offset values for multiplexing with different priority combinations. Furthermore, in RAN1#103-e, agreement related to signalling mechanism to enable/disable multiplexing different priority of HARQ-ACK and PUSCH is made 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 8: 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 of mixed 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 and latency requirements.  

Proposal 9: Support configuring more than one scaling value for the variable , to allocate different maximum numbers of resource elements to UCI with different priorities.  
Proposal 10: UCI with different priorities that is multiplexed in PUSCH 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:
· Proposal 1: A PUCCH resource and a corresponding priority index for multiplexing UCI of mixed priorities are determined based on the highest priority of the multiplexed UCI, in order to guarantee necessary reliability and low latency transmission.
· Proposal 2: UE determines whether to multiplex LP HARQ-ACK with HP UCI in a PUCCH resource of PUCCH format 2, 3, or 4 of higher priority index, based on the total UCI payload size and configured max. code rate/max PRB parameters.
· Proposal 3: Support joint encoding of HP UCI with LP HARQ-ACK, if multiplexed in PUCCH of PUCCH formats 2, 3, and 4.
· Proposal 4: If LP HARQ-ACK not multiplexed due to payload size limitation, UE can further check possible multiplexing in the next sub-slot, as long as a PUCCH of low priority index for LP HARQ-ACK is not confined to a current sub-slot.  
· 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 5: Support multiplexing of multiple sub-slot based HARQ-ACK transmissions in a PUSCH spanning more than one sub-slot. 
· Proposal 6: Study necessary changes in multiplexing timeline requirements to enable sub-slot based HARQ-ACK multiplexing in PUSCH.
· Proposal 7: 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 8: 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 9: Support configuring more than one scaling value for the variable , to allocate different maximum numbers of resource elements to UCI with different priorities.  
· Proposal 10: UCI with different priorities that is multiplexed in PUSCH are separately encoded and rate-matched. 
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