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Introduction
This contribution considers open issues on reliability enhancements for RRC_CONNECTED UEs with multicast services. 

Reliability Enhancements
PUCCH Transmissions
Number of slot-based PUCCH transmissions
In RAN1#104bis-e it was discussed whether or not to support transmission of two non-overlapping slot-based PUCCHs in the same slot, where at least one PUCCH provides HARQ-ACK information for multicast PDSCH receptions. A Rel-16 UE supporting M-TRP operation can support two PUCCH transmissions in a slot but that is to enable M-TRP operation with non-ideal backhaul which is not applicable for multicast. Therefore, similar to multiplexing HARQ-ACK for SPS PDSCH and for DCI-based PDSCH (and even for DCIs not scheduling PDSCH) in a same PUCCH, it is not necessary to require a UE capability to support more than one PUCCH transmission in a slot in order to provide HARQ-ACK of same priority (Rel-15 UE capabilities can remain applicable). However, in case a UE supports services with different priorities, a UE capability to support two (or more) PUCCH transmissions in a slot is beneficial (assuming that the UE does not support the Rel-17 functionality to multiplex UCI of different priorities in a same PUCCH). 

Observation 1: A UE supporting unicast and multicast services of same priority, does not need to support more than one PUCCH transmission with HARQ-ACK information in a slot.  

Observation 2: It is beneficial to define a UE capability to support two PUCCH transmissions with multicast HARQ-ACK and unicast UCI, respectively, in a slot for a UE supporting unicast and multicast services of different priorities.  

Another issue is whether to support sub-slot based PUCCH transmissions. As no multicast application having the strictest URLLC latency requirements is identified in the WID, it is preferable to avoid corresponding specification complexity that would be unnecessary. Further, it is noted that practically a same effect as having a sub-slot can be achieved by the network configuring PUCCH resources that spread over a slot and each having a duration similar to a sub-slot duration. Moreover, sub-slot based PUCCH transmissions would need to be complemented by support of span-based PDCCH monitoring and that is also unnecessary. It is noted that support of multicast services with different priorities does not require support of sub-slot based PUCCH transmissions or span-based PDCCH receptions.

Observation 3: It is not necessary to support sub-slot based PUCCH transmissions for multicast in Rel-17.


Resource determination for a PUCCH unicast and multicast HARQ-ACK (DCI-based, same priority)
In RAN1#104bis-e it was discussed how to determine a resource for a PUCCH that includes both multicast and unicast HARQ-ACK. Although resources for a PUCCH with multicast HARQ-ACK are UE-specific, the PRI in a DCI format scheduling multicast PDSCH (multicast DCI) is UE-common. Using the PRI from the multicast DCI to determine a resource for a PUCCH with multicast and unicast HARQ-ACK disables the PRI in the unicast DCI and requires a one-to-one mapping between PUCCH resources the UE is configured for any resource set of multicast HARQ-ACK and PUCCH resources the UE is configured for any resource set of unicast (and multicast) HARQ-ACK, across all PUCCH resource sets. That is not practically possible as the number of RBs of a PUCCH resource depends on the UCI payload (including potentially CSI) and different UEs can have different UCI payloads that are time varying. 

Consider for example a simple case of only 2 UEs, that a last multicast DCI is received after a last unicast DCI, and that a UE determines a PUCCH resource based on the multicast DCI for both multicast and unicast HARQ-ACK (and for simplicity, consider only PUCCH format 1 and PUCCH format 3 and ignore PUCCH format 4). In a first slot, the first UE needs to determine a first PUCCH resource for 1 multicast HARQ-ACK bit and the second UE needs to determine a second PUCCH resource for more than two multicast and unicast UCI bits. Then, the second PUCCH resource needs to be offset by at least one RB relative to the first PUCCH resource. In a second slot, the first UE needs to determine a third PUCCH resource for more than two multicast and unicast UCI bits and the second UE needs to determine a fourth PUCCH resource for any number of UCI bits. Then, the fourth PUCCH resource needs to be offset by at least the number of RBs of the third PUCCH resource, nrofPRBs, relative to the starting RB of the third PUCCH resource regardless of the actual number of RBs the UE uses to transmit the PUCCH in the third PUCCH resource. That leads to BW fragmentation and a growth in the number of RBs for PUCCH transmission. Fragmentation needs to exist in every slot (including the first slot) as the gNB cannot know in advance the number of UCI bits for the first UE and a starting RB of any PUCCH resource for the second UE needs to always be offset by nrofPRBs from the starting RB of any PUCCH resource for the first UE. 

In general, for scheduling arbitrary UEs from NUE RRC_CONNECTED UEs with both multicast and unicast traffic and determining a PUCCH resource based on the PRI of a multicast DCI, corresponding PUCCH resources need to be offset by nrofPRBs and a total number of required RBs is equal to NUE x nrofPRBs. Fragmented RBs can exist at any part of the active UL BWP and the total number of RBs may exceed the maximum number of RBs in a cell (not only in an UL BWP). Further, a starting symbol and a number of symbols need to also be predetermined and that can affect the scheduler’s ability to satisfy multiplexing timelines or to avoid collisions with DL symbols in case of mixed slots. Basically, the functionality of unicast PRI for selection of a PUCCH resource in a PUCCH resource set is disabled, a network needs to change how it performs PUCCH resource allocation, and the overall design is not functional. 

Also, for a first PUCCH transmission based on NACK-only information, it is not possible to use the multicast PUCCH resource to multiplex unicast HARQ-ACK information from a second PUCCH transmission that would overlap with the first PUCCH transmission in a slot.  

If the PUCCH resource is determined based on the last received unicast DCI as in Rel-16, the only impact is due to later multicast DCIs with corresponding HARQ-ACK in the same PUCCH as for HARQ-ACK corresponding to the last unicast DCI. However, that is not a problem. First, unlike unicast traffic, multicast traffic/scheduling is relatively stable and is typically predictable by the network at least over a few slots – the indicated PUCCH resource can account for few additional HARQ-ACK bits for multicast PDSCHs. Second, even without any assumption on multicast scheduling in few next slots after the slot of the last unicast DCI reception, an additional multicast HARQ-ACK payload would be marginal considering single-cell operation and absence of CBG-based HARQ-ACK, and there would be no practical impact on the UCI reception reliability based on the PUCCH resource indicated by the PRI in the last unicast DCI (the UE determines the PUCCH resource set and the number of RBs of the PUCCH resource based on the total UCI payload as in Rel-16). 

Proposal 1: When a UE multiplexes HARQ-ACK associated with unicast DCIs and HARQ-ACK associated with multicast DCIs in a PUCCH, the UE determines a PUCCH resource from the PRI value in the last unicast DCI.


Transmission power for a PUCCH with multicast HARQ-ACK 
In addition to a PUCCH resource, a UE needs to determine a PUCCH transmission power. Similar to sidelink, there is no reason for a multicast DCI to include a TPC command field. Further, the OLPC component of the PUCCH transmission power can be determined as in Rel-16. It is noted that a UE without unicast traffic still needs to transmit measurement reports, CSI reports, or HARQ-ACK in response to UE specific configurations for multicast services. Even if such PUSCH/PUCCH transmissions are not considered, the configurations for the OLPC parameters are UE-specific and there is no difference between ‘unicast’ and ‘multicast’, especially in the UL. Basically, there is no need for a separate PUCCH-PowerControl IE for multicast. The Rel-16 power control formula also remains applicable as a UE can be configured to receive PDCCH for detection of a DCI format 2_2 with CRC scrambled by TPC-PUCCH-RNTI or, even when a UE does not monitor such PDCCH, the CLPC component remains applicable but is not updated when there are no TPC commands.

Observation 4: The Rel-16 determination for a PUCCH transmission power remains applicable when the PUCCH includes HARQ-ACK for multicast PDSCH, regardless of whether or not the PUCCH includes any unicast UCI.


Enabling/Disabling a PUCCH transmission with HARQ-ACK
Possible options for enabling/disabling a PUCCH transmission with HARQ-ACK is by RRC or by DCI (for UEs configured (or not configured) by RRC for enabling/disabling HARQ-ACK reporting) – use of MAC CE is FFS but there is no apparent reason for it (unlike the typical use of MAC CE for beam management in FR2, there are no strict latency requirements associated with HARQ-ACK enabling/disabling for which RRC would be insufficient).

To determine whether DCI can provide additional benefits over RRC for enabling/disabling HARQ-ACK reports from a group of UEs, it needs to be determined whether there is a benefit to support such enabling/disabling per HARQ-ACK report instead of across all HARQ-ACK reports from the group of UEs. A short-term change to channel conditions that a UE experiences, in addition to possibly being unknown to a serving gNB, cannot be a reason to enable or disable HARQ-ACK reports from a group of UEs by DCI. Possible reasons can only relate to dynamic system-wide considerations. Such reason can be to enable the gNB to control PUCCH resource overhead for multicast HARQ-ACK on a slot basis, for example in order to maximize resource availability for unicast PUSCH/PUCCH/SRS in a slot. For example, in order to prioritize resource allocation for unicast UL transmissions, the gNB can decide to disable HARQ-ACK reporting for multicast PDSCH and possibly reschedule. In general, given the potential large overhead of PUCCH transmissions with HARQ-ACK for multicast PDSCH, it is beneficial to allow the serving gNB to dynamically control that overhead. 

Proposal 2: Support enabling/disabling of HARQ-ACK reports for multicast PDSCHs from a UE by enabling the functionality via UE-specific RRC and indicating enabling/disabling by DCI formats scheduling multicast PDSCHs. 


Multiplexing multicast HARQ-ACK with SR or CSI
In Rel-16, when corresponding PUCCH resources overlap and subject to timeline conditions, SR is multiplexed with HARQ-ACK or CSI by specification while HARQ-ACK is multiplexed with CSI based on configuration by higher layers (same priority is assumed). As for unicast HARQ-ACK, multiplexing of multicast HARQ-ACK and CSI can be based on a corresponding configuration by higher layers; if the multiplexing is not enabled, the Rel-16 procedure can apply and the UE drops the PUCCH with CSI. For SR, either the multiplexing can be supported directly by specifications without network configuration (default) as in Rel-16 for unicast HARQ-ACK, or the network can indicate whether the UE should drop either SR or multicast HARQ-ACK. As the UE procedure is same for multiplexing SR and unicast or multicast HARQ-ACK in a PUCCH resource, the Rel-16 UE behavior is sufficient. 

Proposal 3: Multiplexing multicast HARQ-ACK (of priority 0) and CSI report in a PUCCH resource is enabled by RRC configuration; if not provided, the UE drops the CSI report. 

Proposal 4: Multiplexing multicast HARQ-ACK and SR (of same priority) in a PUCCH resource is default UE behavior. 


  HARQ-ACK codebook construction
In RAN1#104bis-e, a proposal was discussed for whether certain conditions (separate PUCCH-Config for unicast and multicast with (time) non-overlapping PUCCH resources) would automatically imply separate construction of unicast and multicast HARQ-ACK codebooks by a UE. However, whether a UE separately or jointly constructs such HARQ-ACK codebooks is not relevant to how PUCCH resources are configured. Also, when a UE is configured to provide a Type-2 HARQ-ACK codebook, for at least one of unicast or multicast PDSCH receptions, or when the UE is configured to provide a Type-3 HARQ-ACK codebook for unicast PDSCH receptions, only separate construction is possible regardless of PUCCH-Config. Even when a UE is configured to provide Type-1 HARQ-ACK codebook for both unicast and multicast, separate PUCCH-Config for multicast does not relate to separate HARQ-ACK codebook construction, only that the UE will use the PUCCH-Config for multicast when the UE does not multiplex any unicast HARQ-ACK information. Regarding multiplexing of the HARQ-ACK codebooks in a same PUCCH, that can be a default behavior in case of overlapping (assuming same priority) but that also does not relate to whether a PUCCH-Config for multicast is provided. 

Proposal 5: A UE is configured by higher layers whether to separately or jointly construct Type-1 HARQ-ACK codebooks for unicast or multicast. 


Another issue is how to multiplex in a HARQ-ACK codeword separately constructed HARQ-ACK codebooks of same priority. Again, there is no apparent reason to change Rel-16 specifications/implementations and the multicast HARQ-ACK codebook can be concatenated/appended to the unicast HARQ-ACK codebook. Also, no other approach is applicable when at least one of the HARQ-ACK codebooks is Type-2. The concatenation can apply regardless of FDM or TDM for unicast and multicast PDSCH receptions. In case of different priorities, Rel-16/Rel-17 URLLC mechanisms can apply when transmissions would overlap and the UE can drop the transmission with the lower priority. 

Proposal 6: For separately constructed unicast and multicast HARQ-ACK codebooks of same priority in a PUCCH/PUSCH, the multicast HARQ-ACK codebook is appended to the unicast HARQ-ACK codebook. 


A UE can generate HARQ-ACK for multicast PDSCH receptions scheduled by DCI formats associated with different G-RNTIs. Assuming that a same HARQ-ACK codebook type is applicable to all G-RNTIs, the same approach as for generating HARQ-ACK codebooks associated with a multicast RNTI and with unicast RNTIs can apply. For a Type-1 HARQ-ACK codebook, a joint HARQ-ACK codebook is generated (for same priority). For a Type-2 HARQ-ACK codebook, separate HARQ-ACK codebooks are generated as the DAI cannot be jointly set.   

Observation 5: HARQ-ACK codebook generation for multiple G-RNTIs is same as HARQ-ACK generation for a G-RNTI and unicast RNTIs.


1.1.1    Optimizations for Type-1 HARQ-ACK codebook 
For the Type-1 HARQ-ACK codebook, it was proposed in RAN1#104bis-e to associate the intersection of the sets of slot timing values with the union of the unicast and multicast TDRA tables (and to associate remaining unicast/multicast slot timing values with corresponding individual unicast/multicast TDRA tables). In theory, that can reduce the Type-1 HARQ-ACK codebook size. In practice, the reduction is not likely to materialize or make a difference to the system operation and a corresponding specification/implementation impact may not be justified.

From an operational perspective: 
a) For single cell operation, there is no reason to use a Type-1 HARQ-ACK codebook – the Type-2 codebook (implemented since LTE Rel-8) is more efficient, and any optimization of the Type-1 codebook for multicast would not be relevant.
b) For TDD, the construction of the Type-1 HARQ-ACK codebook depends on the UL/DL configuration (e.g. DDDSU) and that essentially removes most slot timing values – a same Type-1 HARQ-ACK codebook would be practically obtained for either the intersection of sets of slot timing values or the union of sets of slot timing values.  
c) There is no apparent reason for the sets of slot timing values for multicast DCIs and for “non-fallback” unicast DCI to be (substantially) different, or for the corresponding TDRA tables to be (substantially) different. A reduction in the Type-1 HARQ-ACK codebook size by using the intersection of sets of slot timing values can primarily be due to a resulting exclusion for some slot timing values of DCI format 1_0. However, that relates more to reducing the unicast Type-1 HARQ-ACK codebook. 

From a specification/implementation perspective:
a) Type-1 HARQ-ACK codebook construction based on the union of TDRA tables and the union of the sets of slot timing values  for different DCI format is an existing mandatory UE feature – a different construction method can only be an optional UE feature (that would also diminish any potential benefit to a network). 
b) A different construction method than in Rel-16 for the Type-1 HARQ-ACK codebook may require development of two-track solutions to also support the legacy approach for the union of the sets of slot timing values (although no major impact is expected).

In addition to using the intersection of the sets of slot timing values, several other methods were considered in Rel-15 for reducing the Type-1 HARQ-ACK codebook size, including:
a) Consideration of the PDCCH monitoring occasions (MOs) in order to eliminate slot timing values that do not have corresponding PDCCH MOs for a PUCCH transmission slot (as determined from corresponding search space sets). For example, some of the slot timing values {1, 2, 3, 4, 5, 6, 7, 8} for DCI format 1_0 can be removed when the UE is not configured corresponding PDCCH MOs associated with a slot for a PUCCH transmission. 
b) Consideration of activated DL cells, instead of configured DL cells, for the construction of the Type-1 HARQ-ACK codebook. 

Basically, there are multiple mechanisms to reduce the Type-1 HARQ-ACK codebook size, depending on what level of additional UE/network complexity can be acceptable. However, potential reductions would be more meaningful for unicast PDSCH and certain scenarios of CA operation (which is the reason for introducing Type-1 codebook), not for multicast.  

Observation 6: It may be possible to obtain material reductions to the Type-1 HARQ-ACK codebook size for unicast.

Observation 7: For multicast, use cases and potential size reductions for the Type-1 HARQ-ACK codebook are marginal. 

Observation 8: There is no need to optimize support of Type-1 HARQ-ACK codebook for multicast – re-use of Rel-16 implementations for Type-1 codebook construction is preferable. 


   NACK-only HARQ-ACK 
NACK-only HARQ-ACK reporting can reduce PUCCH overhead, particularly when UEs need to report multiple HARQ-ACK bits as in TDD systems or for SPS PDSCH receptions that avoid a PDCCH DTX-to-ACK error due to absence of PUCCH (NACK-only) from the UE. 

For  PDSCH receptions, or for  TB receptions if a PDSCH can include 2 TBs and spatial bundling does not apply, a number of possible combinations for one or more corresponding NACK is , where . The UE can be configured a set of corresponding PUCCH resources and select a resource from the set of resources for a PUCCH transmission according to the corresponding TBs/PDSCHs associated with NACK values. As the number of resources can be relatively large, separate PUCCH resource configurations need to be provided for NACK-only reports and for ACK/NACK reports for HARQ-ACK. For example, for 1 TB per PDSCH (or with spatial bundling), single cell, and TDD UL-DL configuration DDDSU,  (maximum) and a total number of required PUCCH resources is 15. Although there is little/no motivation to support PUCCH format 0, the specifics of each PUCCH resource for NACK-only reports can be a gNB implementation issue without a specification impact and a PUCCH resource can be either for PUCCH format 0 or for PUCCH format 1. 

Another issue is whether the PUCCH resources for NACK-only reporting should be provided by system information or by UE-specific RRC signaling. In general, a network should be able to control transmissions individually per UE and UE-specific RRC signaling is preferred (the additional signaling overhead is not large).  

Proposal 7: A UE is provided, by UE-specific RRC, PUCCH resources to select from according to PDSCH/TB receptions for which the UE reports NACKs. 


The PRI field in a DCI format scheduling a multicast PDSCH reception is unnecessary for NACK-only reporting as a UE determines a resource for a PUCCH transmission based on the combination of NACK values that the UE needs to report. Therefore, if the DCI format includes a PRI field, it can be applicable for UEs configured to provide ACK/NACK reports and can be ignored by UEs configured to provided NACK-only reports.

Observation 9: PUCCH resource indication is unnecessary for UEs configured to provide NACK-only reports.

Another issue is whether DCI formats scheduling multicast PDSCH receptions can indicate whether HARQ-ACK reporting is for NACK-only or for ACK/NACK from UEs configured for either of the two HARQ-ACK report types. This is similar to enabling/disabling HARQ-ACK reporting based on indication by DCI, a motivation can again be to control per slot the overhead of PUCCH transmissions with HARQ-ACK for multicast PDSCH, and it would be beneficial to allow a network to support such switching of HARQ-ACK report types. 

Proposal 8: Support indication for a UE to report NACK-only or ACK/NACK for multicast PDSCHs by enabling the functionality via UE-specific RRC and indicating the report type by DCI formats scheduling multicast PDSCHs.


When a UE multiplexes HARQ-ACK for multicast PDSCHs with other UCI (e.g. HARQ-ACK for unicast PDSCHs) in a PUCCH or with data/UCI in a PUSCH, although it would still be possible to provide NACK-only HARQ-ACK reports (e.g. for 4 PDSCH receptions, 4 bits can indicate one of the 16 combinations for NACK values (including no NACK values) instead of individual ACK or NACK), it is simpler to keep the Rel-16 HARQ-ACK reporting as the resources are UE-specific and there is no overhead reduction. 

Proposal 9: A UE reports ACK/NACK when the UE multiplexes HARQ-ACK for multicast PDSCH receptions with other UCI in a PUCCH or in a PUSCH.


PDSCH Link Adaptation
In RAN1#104-e it was discussed whether an RRC_CONNECTED UE receiving multicast needs to be provided a CSI feedback configuration specifically for multicast. As there was no consensus to support, the conclusion was that Rel-17 MBS will not introduce such a CSI report configuration. However, the triggering of CSI reports needs to be addressed as not all UEs can be assumed to have unicast traffic and it would be detrimental for a network to transmit individual UL grants to UEs only for getting CSI reports. Triggering of CSI reports for configured UEs by a MAC CE in the MBS PDSCH, similar to SPS CSI reports for unicast, or by a DCI format, similar to triggering A-SRS, should be supported. 

Proposal 10: Support triggering of CSI reports by DCI scheduling MBS PDSCH or by MAC CE in MBS PDSCH.  
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Conclusions
This contribution considered reliability improvements for MBS and proposes the following.

Proposal 1: When a UE multiplexes HARQ-ACK associated with unicast DCIs and HARQ-ACK associated with multicast DCIs in a PUCCH, the UE determines a PUCCH resource from the PRI value in the last unicast DCI.

Proposal 2: Support enabling/disabling of HARQ-ACK reports for multicast PDSCHs from a UE by enabling the functionality via UE-specific RRC and indicating enabling/disabling by DCI formats scheduling multicast PDSCHs. 

Proposal 3: Multiplexing multicast HARQ-ACK (of priority 0) and CSI report in a PUCCH resource is enabled by RRC configuration; if not provided, the UE drops the CSI report. 

Proposal 4: Multiplexing multicast HARQ-ACK and SR (of same priority) in a PUCCH resource is default UE behavior. 

Proposal 5: A UE is configured by higher layers whether to separately or jointly construct Type-1 HARQ-ACK codebooks for unicast or multicast. 

Proposal 6: For separately constructed unicast and multicast HARQ-ACK codebooks of same priority in a PUCCH/PUSCH, the multicast HARQ-ACK codebook is appended to the unicast HARQ-ACK codebook. 

Proposal 7: A UE is provided, by UE-specific RRC, PUCCH resources to select from according to PDSCH/TB receptions for which the UE reports NACKs. 

Proposal 8: Support indication for a UE to report NACK-only or ACK/NACK for multicast PDSCHs by enabling the functionality via UE-specific RRC and indicating the report type by DCI formats scheduling multicast PDSCHs.

Proposal 9: A UE reports ACK/NACK when the UE multiplexes HARQ-ACK for multicast PDSCH receptions with other UCI in a PUCCH or in a PUSCH.

Proposal 10: Support triggering of CSI reports by DCI scheduling MBS PDSCH or by MAC CE in MBS PDSCH.  


In addition, the following observations are made.
Observation 1: A UE supporting unicast and multicast services of same priority, does not need to support more than one PUCCH transmission with HARQ-ACK information in a slot.  

Observation 2: It is beneficial to define a UE capability to support two PUCCH transmissions with multicast HARQ-ACK and unicast UCI, respectively, in a slot for a UE supporting unicast and multicast services of different priorities.  

Observation 3: It is not necessary to support sub-slot based PUCCH transmissions for multicast in Rel-17.

Observation 4: The Rel-16 determination for a PUCCH transmission power remains applicable when the PUCCH includes HARQ-ACK for multicast PDSCH, regardless of whether or not the PUCCH includes any unicast UCI.

Observation 5: HARQ-ACK codebook generation for multiple G-RNTIs is same as HARQ-ACK generation for a G-RNTI and unicast RNTIs.

Observation 6: It may be possible to obtain material reductions to the Type-1 HARQ-ACK codebook size for unicast.

Observation 7: For multicast, use cases and potential size reductions for the Type-1 HARQ-ACK codebook are marginal. 

Observation 8: There is no need to optimize support of Type-1 HARQ-ACK codebook for multicast – re-use of Rel-16 implementations for Type-1 codebook construction is preferable. 

Observation 9: PUCCH resource indication is unnecessary for UEs configured to provide NACK-only reports.
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