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

Reliability Enhancements
HARQ-ACK feedback
The following was agreed in RAN1#104-e for MBS HARQ-ACK and unicast HARQ-ACK with different priorities. 

Agreement:
The priority for HARQ-ACK feedback for RRC_CONNECTED UE receiving multicast can be, 
· Lower, higher than or equal to the HARQ-ACK feedback for unicast
· FFS: How to reflect the priority in specification, e.g., whether it is configured or indicated to the UE
· [bookmark: OLE_LINK3]FFS: The total number of priorities across multicast and unicast
· FFS the priority between HARQ-ACK feedback for multicast and other UCI for unicast (SR, CSI) or PUSCH for unicast. 

Agreement:
For the cases of HARQ-ACK feedback (at least for ACK/NACK based feedback) is available for multicast and unicast for a given UE receiving multicast, for determining the PUCCH resource,
· Support multiplexing for the same priority and prioritizing for different priorities at least when the corresponding PUCCH resources overlap in time in a slot. 
· FFS whether it is subject to UE capability.
· FFS the case of non-overlapping PUCCHs resources for HARQ-ACK in the same slot.
· FFS whether sub-slot based PUCCH transmission for HARQ-ACK is supported.
· FFS the case of HARQ-ACK feedback for multicast and other UCI for unicast. 

HARQ-ACK transmission priority was introduced in Rel-16 to differentiate HARQ-ACK information for services with lower priority (e.g. eMBB) and services with higher priority (e.g. URLLC). A priority index in the DCI format scheduling a PDSCH transmission or SPS PDSCH activation indicates the priority of associated HARQ-ACK information. Rel-16 specification remain applicable for MBS and can be directly re-used. The priority of HARQ-ACK information for MBS and of unicast PUSCH or of unicast SR/CSI on PUCCH can also be treated as in Rel-16 (note that CSI on PUCCH always has priority 0). The total number of priorities for MBS and unicast can be 2, as for eMBB and URLLC in Rel-16. That is, regardless of whether a HARQ-ACK transmission is associated with a unicast PDSCH or with an MBS PDSCH, the possible priority values are 0 and 1. 

Observation 1: The priority values for HARQ-ACK information in response to MBS PDSCH receptions can be 0 and 1 - same as for HARQ-ACK information in response to unicast PDSCH receptions. Rel-16 specifications suffice.

Since multiplexing of HARQ-ACK for MBS and unicast when corresponding PUCCH resources overlap in time would be a new feature, it should be both a UE capability and configurable by the network. Note that it is already a Rel-15 UE capability to multiplex unicast UCIs in a same PUCCH or PUCCH when the starting symbol of the overlapping PUCCHs or PUSCH are not same [3] (can occur for PUCCH resources of HARQ-ACK for MBS and unicast). Further, in Rel-16, it is a UE capability to support joint or separate encoding of HARQ-ACK information associated with different TRPs. If multiplexing of HARQ-ACK for MBS and unicast when corresponding PUCCH resources overlap in time is not supported (either because of the UE capability or because of gNB configuration), the UE can drop the HARQ-ACK for MBS. 


Observation 2: It is a Rel-15 UE capability to multiplex, in a same PUCCH resource, UCI that the UE would multiplex in PUCCH resources with different starting symbols. 

Proposal 1: When multiplexing unicast HARQ-ACK and MBS HARQ-ACK is not supported/configured, a UE drops MBS HARQ-ACK. 

If the PUCCH resources for multiplexing HARQ-ACK of MBS and unicast do not overlap in a slot, a new UE capability needs to be defined for the number of PUCCH transmissions with HARQ-ACK information within a slot. Such a capability was defined in Rel-16 for M-TRP operation (and for URLLC operation with respect to the number of sub-slots per slot) [3]. If the UE indicates the capability to transmit PUCCH with unicast HARQ-ACK information and PUCCH with MBS HARQ-ACK information in a slot, the UE transmits the PUCCHs; otherwise, the UE drops the PUCCH transmission with MBS HARQ-ACK information. 

Proposal 2: When a UE does not support transmission of PUCCH with unicast HARQ-ACK and of PUCCH with MBS HARQ-ACK in a slot, the UE drops the PUCCH with MBS HARQ-ACK. 
   

Although support for sub-slot based PUCCH transmission for MBS HARQ-ACK can follow similar procedures as for unicast HARQ-ACK, it will add another layer of complexity to UE procedures, it will require URLLC-based UE capabilities, and needs to be justified prior to further consideration. At least the services discussed on the WID do not require sub-slot based HARQ-ACK information reports.

Observation 3: There is no need to consider sub-slot based HARQ-ACK reporting for MBS in Rel-17. 


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. As for unicast HARQ-ACK, multiplexing of MBS HARQ-ACK and CSI can be based on a corresponding configuration by higher layers; if the multiplexing is not enabled, either the MBS HARQ-ACK or the CSI can be preferable to transmit but, for simplicity, the Rel-15 procedure can apply and the UE drops the CSI. For SR, assuming same priority as for MBS HARQ-ACK, either the multiplexing can be supported directly by specifications without network configuration (default), or the network can indicate whether the UE should drop either SR or MBS HARQ-ACK. As the UE procedure is same for multiplexing SR and unicast or MBS HARQ-ACK in a PUCCH resource, the Rel-15 UE behavior is sufficient. 

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

Proposal 4: Multiplexing MBS HARQ-ACK and SR in a PUCCH resource is default (Rel-15 UE behavior). 


For the Type-2 HARQ-ACK codebook, the following was agreed. 

Agreement:
For ACK/NACK based feedback if supported for multicast, for Type-2 HARQ-ACK feedback construction for PTM scheme 1, 
· DAI for unicast and DAI for multicast are separately counted. 
· Concatenation of Type-2 HARQ-ACK codebook for unicast and multicast is supported. 
· FFS details on concatenating the codebooks. 
· FFS whether to support concatenating more than one Type-2 HARQ-ACK codebook for multicast. 

HARQ-ACK codebook concatenation can follow the same mechanism as for M-TRP operation, or as for CA operation where some cells are configured for TB-based HARQ-ACK reports and some cells are configured for CBG-based HARQ-ACK reports, and HARQ-ACK for MBS PDSCH can be concatenated after HARQ-ACK for unicast PDSCH. The number of Type-2 HARQ-ACK codebooks for MBS depends on the number of different MBS that a UE is configured. For example, for a UE configured with 2 MBS, PDSCH transmissions for the first MBS can be independent of PDSCH transmissions for the second MBS and, since the DAI is not UE-specific, the HARQ-ACK codebooks need to be separate.

Observation 4: Concatenation of unicast and MBS HARQ-ACK codebooks can be as for similar cases in Rel-16 – e.g. a HARQ-ACK codebook for MBS PDSCH can be concatenated after a HARQ-ACK codebook for unicast PDSCH.


For the Type-1 HARQ-ACK codebook, the following was agreed. 

Agreement:
For ACK/NACK based feedback if supported for multicast, construction of Type-1 HARQ-ACK codebook based on the union of the PDSCH TDRA sets of the unicast service and the multicast service (if they are separately configured), at least of the same priority, is supported
· FFS details of Type-1 HARQ-ACK codebook construction for FDM-ed unicast and multicast. 
· FFS details of Type-1 HARQ-ACK codebook construction for FDM-ed multicast and multicast if supported. 
· FFS: whether/how to optimize the Type-1 codebook construction to reduce the HARQ-ACK feedback payload size. 

Regarding the first two FFS, for FDMed unicast and multicast PDSCH receptions, the Rel-15 CA design can apply (FDMed PDSCH receptions can be viewed as belonging to different cells). Further, although the Type-1 HARQ-ACK codebook has several sub-optimal aspects in its design, optimizations fall under more general considerations and are not particular to FDMed unicast and multicast PDSCH receptions. For example, the PDCCH monitoring occasions can also be considered on whether or not a UE generates HARQ-ACK for an associated SLIV and K1. 

Observation 5: FDMed PDSCH receptions for unicast and MBS can be viewed as PDSCH receptions on different cells for the purposes of Type-1 HARQ-ACK codebook constructions. Optimizations for size reduction of the Type-1 codebook are beneficial but corresponding considerations are not particular to MBS.


For enabling/disabling HARQ-ACK information report from a UE, the following was agreed in RAN1#104-e.
[bookmark: _Hlk63422390]
Agreement:
[bookmark: _Hlk63422353]For enabling/disabling HARQ-ACK feedback for RRC_CONNECTED UE receiving multicast, 
· Option 3: RRC signalling configures the enabling/ disabling function of DCI indicating the enabling /disabling HARQ-ACK feedback.
· If RRC signalling configures the function, DCI indicates (explicitly or implicitly) whether HARQ-ACK feedback is enabled/disabled 
· FFS details on RRC signalling and DCI indicating. 
· If RRC signalling does not configure the function, DCI does not indicate enabling/disabling the HARQ-ACK feedback.
· FFS whether enabling or disabling the feedback is the default mode. 
· Option 2: RRC indicates enabling/disabling.
· FFS: whether down-selection between option 3 and option 2 is needed or support the both options. 
· FFS: enabling/disabling by MAC-CE.

For Type-1 HARQ-ACK codebook, option 3 is not applicable (no dependence on receptions of DCI formats) and therefore option 2 is default. For Type-2 HARQ-ACK codebook, option 3 allows a gNB to dynamically control PUCCH overhead by enabling/disabling feedback for a group of UEs. Regarding use of MAC CE, while several configurations by MAC CE were introduced in NR, they are almost entirely for beam related aspects for FR2 operation. Further, it is unclear what benefit a MAC CE can provide given an inherent latency associated with a requirement for a UE to have unicast PDSCH reception for a reconfiguration and that enabling/disabling of HARQ-ACK reports for multicast PDSCH based on a configuration in a unicast PDSCH is not something that can frequently happen.

Proposal 5: Support enabling/disabling of HARQ-ACK reports for MBS PDSCH by UE-specific RRC. For Type-2 HARQ-ACK codebook, consider to also enable/disable HARQ-ACK reports by DCI scheduling MBS PDSCH.


A pending issue is whether or not to support NACK-only HARQ-ACK feedback - the main/only motivation has been argued to be a presumably large overhead that ACK/NACK based feedback may require. However:
a) HARQ-ACK feedback disabling is supported. This enables a network to select UEs that provide HARQ-ACK. For example, a network can configure only UEs with low geometry CDF (e.g. based on averaged CQI or RSRP reports) to provide HARQ-ACK. Then, as a probability that a UE with large SINR needs to report NACK when all UEs with lowest SINRs report ACK is negligible, PUCCH overhead is marginal (for a single HARQ-ACK information bit, multiplexing of ~12 UEs per PRB can be supported with PUCCH format 1).
b) Unless new PUCCH formats are introduced, for example similar to PUCCH format 1b with channel selection from LTE, NACK-only based HARQ-ACK feedback can support only a single HARQ-ACK information bit. That is limiting in the NR TDD bands. New PUCCH formats would require extensive performance evaluations and specification support that, in general, should not be avoided unless there is an essential requirement. 

Observation 6: Conventional HARQ-ACK feedback does not need to incur large system overhead for MBS PDSCH.

Observation 7: Unless new PUCCH formats are introduced, NACK-only HARQ-ACK feedback has limited applicability.


A topic that was extensively discussed in RAN1#104 is whether the BLER of NACK-only HARQ-ACK feedback can be guaranteed when multiple signals with random phases are superimposed as the central limit theorem would then apply and a resulting signal would approximate a Gaussian random variable. Figure 1 presents BLER results for the following cases. In all cases, the signals from UEs are received with random phases. For brevity, only the BLER without frequency hopping (FH) is presented, the BLER curves with (FH) are similar but the BLER vs. SINR is worse somewhat worse (due to less coherent accumulated power from FH while 4 Rx antennas provide sufficient diversity). Additional details on the simulation assumptions are included in the Appendix.
a) Reception from a single UE
b) Reception from 2 or 4 UEs experiencing a same Rayleigh fading channel
c) Reception from 2 or 4 UEs experiencing different channels (Rayleigh + Ricean)
d) Reception from 2 or 4 UEs experiencing AWGN channels
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Figure 1: BLER for NACK-only HARQ-ACK under various added channels.

It is observed that the BLER improves due to superposition when all UEs have a same Rayleigh channel and there are error floors if any of the UEs does not experience Rayleigh fading.  

Observation 8: Reliable detection for NACK-only HARQ-ACK feedback cannot be guaranteed.


Another issue related to NACK-only HARQ-ACK feedback is that DTX means ACK but DTX can happen due to a UE failing to detect a DCI format scheduling a corresponding MBS PDSCH. Therefore, for a 10-4 NACK-to-ACK error probability, the BLER for the DCI format needs to be 10-4 instead of the typical 10-2. That is a bigger problem than for unicast as a 10-4 BLER is for a group-common DCI (needs to reach UEs at the 5% geometry CDF). Figure 2 shows the BLER for a likely DCI format size of 60 bits (somewhat smaller than the DCI format 1_0 size at 20 MHz BW - including 24 bits CRC) and for 2 UE receiver antennas (2.6 GHz or below bands) and for 4 UE receiver antennas. 
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Figure 2: BLER for 60-bit DCI format for a UE with 2 Rx antennas or 4 RX antennas vs. CCE aggregation level.

It is observed that:
a) For 2 UE receiver antennas, cell coverage is not achieved for 10-4 BLER. That is important for the sub-2.6 GHz macro-cells that are a main deployment scenario for MBS.
b) For 4 UE receiver antennas either a 16 CCE AL, or an 8 CCE AL with some power boosting, is required for 10-4 BLER while a 4 CCE AL would be sufficient for 10-2 BLER.
a. The minimum requirement of additional 4 CCEs corresponds to 24 RBs and is roughly equivalent to PUCCH resources needed to support ACK/NACK feedback for 24 UEs. For a more likely overhead of 8 CCEs, NACK-only HARQ-ACK feedback would require more overhead than ACK/NACK feedback (under a common view of DL/UL resources in TDD).
b. NR has not been designed for a UE having to monitor multiple PDCCH candidates of 8 CCEs or 16 CCEs per slot, especially if multiple MBS services are to also be supported for the UE (in addition to common control or unicast). Assuming priority for Rel-16 CSS sets, that would result to frequent search space set dropping both for MBS or for unicast. PDCCH blocking will also be severe.

Observation 9: NACK-only HARQ-ACK feedback requires 10-4 BLER for PDCCH - this limits coverage (for sub-2.6 GHz bands), reverses any overhead savings, increases PDCCH blocking, and can result to frequent search space set dropping.

Proposal 6: NACK-only HARQ-ACK feedback is not supported. 


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

[bookmark: _Hlk57243931]
Conclusions
This contribution considered reliability improvements for MBS and proposes the following.

Proposal 1: When multiplexing unicast HARQ-ACK and MBS HARQ-ACK is not supported/configured, a UE drops MBS HARQ-ACK. 

Proposal 2: When a UE does not support transmission of PUCCH with unicast HARQ-ACK and of PUCCH with MBS HARQ-ACK in a slot, the UE drops the PUCCH with MBS HARQ-ACK. 

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

Proposal 4: Multiplexing MBS HARQ-ACK and SR in a PUCCH resource is default (Rel-15 UE behavior). 

Proposal 5: Support enabling/disabling of HARQ-ACK reports for MBS PDSCH by UE-specific RRC. For Type-2 HARQ-ACK codebook, consider to also enable/disable HARQ-ACK reports by DCI scheduling MBS PDSCH.

Proposal 6: NACK-only HARQ-ACK feedback is not supported. 

Proposal 7: 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: The priority values for HARQ-ACK information in response to MBS PDSCH receptions can be 0 and 1 - same as for HARQ-ACK information in response to unicast PDSCH receptions. Rel-16 specifications suffice.

Observation 2: It is a Rel-15 UE capability to multiplex, in a same PUCCH resource, UCI that the UE would multiplex in PUCCH resources with different starting symbols. 

Observation 3: There is no need to consider sub-slot based HARQ-ACK reporting for MBS in Rel-17. 

Observation 4: Concatenation of unicast and MBS HARQ-ACK codebooks can be as for similar cases in Rel-16 – e.g. a HARQ-ACK codebook for MBS PDSCH can be concatenated after a HARQ-ACK codebook for unicast PDSCH.

Observation 5: FDMed PDSCH receptions for unicast and MBS can be viewed as PDSCH receptions on different cells for the purposes of Type-1 HARQ-ACK codebook constructions. Optimizations for size reduction of the Type-1 codebook are beneficial but corresponding considerations are not particular to MBS.

Observation 6: Conventional HARQ-ACK feedback does not need to incur large system overhead for MBS PDSCH.

Observation 7: Unless new PUCCH formats are introduced, NACK-only HARQ-ACK feedback has limited applicability.

Observation 8: Reliable detection for NACK-only HARQ-ACK feedback cannot be guaranteed.

Observation 9: NACK-only HARQ-ACK feedback requires 10-4 BLER for PDCCH - this limits coverage (for sub-2.6 GHz bands), reverses any overhead savings, increases PDCCH blocking, and can result to frequent search space set dropping.
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Appendix
Table 1 and Table 2 summarize the simulation assumptions for Figure 1 and Figure 2, respectively.

Table 1: Simulation assumption for Figure 1.
	Assumptions
	Value

	Carrier Frequency 
	2.6 GHz

	Subcarrier Spacing 
	30 kHz

	PUCCH Frequency Hopping
	Off

	PUCCH Format
	1

	Number of symbols
	14

	CP Type
	Normal CP

	Channel Model
	TDL-A with 20 ns DS, Ricean, AWGN

	Antenna Configuration
	1 TX, 4 RX

	Mobility
	3 km/hr

	FA rate
	10-4



Table 2: Simulation assumption for Figure 1.
	Assumptions
	Value

	CORESET bandwidth
	20 MHz

	Carrier Frequency
	2.0 GHz, 3.5 GHz

	Number of symbols for CORESET
	2

	Subcarrier spacing
	15 kHz, 30 kHz

	Interleaver size (R)
	2

	REG bundling size (L)
	6

	Modulation and Channel coding
	QPSK, Polar code

	Transmission scheme
	Precoder cycling

	Channel model
	TDL-A (delay spread: 30ns)

	UE speed
	3 km/h

	Number of BS antennas
	2 Tx

	Number of UE antennas
	2/4 Rx
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