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1. INTRODUCTION
In the WG1 #103e meeting, RAN1 continued the discussion related to enhancements for physical channels for M-TRP and several agreements were reached. In this contribution, we discuss and present our views for each channel. 
 
2. PDCCH
	Agreement
For PDCCH reliability enhancements with non-SFN schemes, support at least Option 2 + Case 1.
· Maximum number of linked PDCCH candidates is two
· FFS: Details including how the two PDCCH candidates are counted toward the BD limits and impact on overbooking, if any
· Down-select at least one Alt from Alts 1-2 / 1-3 / 2 / 3
· FFS: Linking options such as a fixed rule based on the same PDCCH candidate index, based on start CCE, based on configuration, etc. 
· FFS: additional restriction to facilitate soft combining 



[bookmark: _Hlk61506290]In the last meeting, Option 2 for PDCCH reliability enhancement was agreed. Option 2 is based on encoding/rate matching with one repetition, and then the same coded bits are repeated for the other repetitions. Also, it was agreed that PDCCH candidates are explicitly linked together. Regarding the different alternatives Alts 1-2 / 1-3 / 2 / 3 for CORESET/SS TCI mapping that are shown in Figure 1, RAN1 agreed to support Alt. 1-1 which can be used in a straightforward manner for FDM mapping of CORESETs. However, to support TDM mapping of CORESET, another scheme with a higher flexibility for TDM mapping should be supported. Besides providing additional diversity that is important for FR2, a TDM mapping could provide an ample time for a UE to switch its analog beam or activate a panel, if needed. Therefore, amongst the remaining schemes, we prefer that at least Alt. 3 is supported as it offers a very high degree of flexibility. 

Observation 1: Besides providing additional diversity that is important for FR2, a TDM mapping could provide an ample time for a UE to switch its analog beam or activate a panel, if needed.
Proposal 1: Support at least Alt. 3.  
In the last RAN1 meeting, aspects related to UE monitoring capabilities, blind decoding and overbooking were briefly discussed. NR specifies the maximum number of BD PDCCH candidates, and the maximum number of CCEs that is required for PDCCH channel estimation. According to recent agreements, there could be up to two repetitions of a coded payload with explicit linkage for CCE mapping. User specific search spaces are mapped according to the increasing SS set indices. When overbooking occurs, the lower priority search spaces are not monitored. Therefore,



[bookmark: _Ref54019551]Figure 1 Alternatives for PDCCH enhancement
if the BD limit is counted per slot, then there will be fewer candidates per TRP that are monitored since the counting does not consider which TRP sent the candidate. On the other hand, with BD limit counted per TRP, UE complexity increases since it needs to monitor more candidates for a given limit. Therefore, some enhancements may be required to prioritize monitored candidates and CCEs to ensure that multi-TRPs PDCCH candidates are not missed and they are processed.

Observation 2: A UE may be unable to monitor repeated PDCCH candidates due to the BD limit.  

Proposal 2: Modify search rule to prioritize monitoring of repeated PDCCH candidates in a SS without increasing UE complexity.   
In the last meeting, Option 2 for PDCCH reliability enhancement was agreed. Option 2 is based on encoding/rate matching with one repetition, and the same coded bits are repeated for the other repetitions. Also, it was agreed that PDCCH candidates are explicitly linked together. Another important agreement for PDCCH decoding was related to decoding assumptions, as captured below. This is an important aspect of decoding strategy that has an impact on performance, UE complexity and decoding latency.

	Agreement
For PDCCH reliability enhancements with non-SFN schemes and Option 2 + Case 1, CCEs of the two PDCCH candidates are counted separately following Rel. 15/16 procedures. Further study the BD limit by considering the following
· With respect to the complexity associated with RE de-mapping / demodulation, 2 units are required
· With respect to the complexity associated with decoding, the following assumptions can be further discussed:
· Assumption 1: UE only decodes the combined candidate without decoding individual PDCCH candidates
· Assumption 2: UE decodes individual PDCCH candidates
· Assumption 3: UE decodes the first PDCCH candidate and the combined candidate
· Assumption 4: UE decodes each PDCCH candidate individually, and also decodes the combined candidate
· Note 1: The Assumptions 1-4 are for discussion purpose only, and they may or may not have specification impact.
· FFS: The relationship between UE capability, RRC configuration, and the BD limit, and whether the Assumptions 1-4 are relevant for this purpose.
· Note 2: the BD /CCE limit here is counted based on the configuration of PDCCH monitoring capability (e.g. per slot or per span).



Here, we compare different assumptions according to the number of decoding attempts and the achieved combining gain for each assumption.
· For assumption 1, individual PDCCH candidates are sent. The UE receives each candidate and buffers the received signal. The UE only attempts to decode the combined candidate. If the candidates are sent within the same TTI, it does not affect latency because the UE receives both at the same time. There is only one decoding attempt with the combined signal which provides combining gain with a low decoding attempt. However, if candidates are TDM-ed, there is an added latency because the UE has to wait to receive the second candidate before decoding. 
· For assumption 2, individual PDCCH candidates are sent. The UE receives the candidates and attempts to decode them individually. Since UE does not need to perform combining, no buffering is required. Compared to assumption 1, there is no combining gain since only individual candidates are decoded. If the first candidate is decoded, then there is no need for a second attempt. However, there can be extra latency and complexity if neither candidate is decodable. 
· For assumption 3, individual PDCCH candidates are sent and the UE attempts to decode the first candidate. If it fails, then UE uses the second candidate, and attempts to decode the combined version. This option is a hybrid of assumptions 1 and 2. The UE can immediately start decoding when it receives the first candidate as in assumption 2, and in case of failure in decoding, then it can make use of both candidates to get a combining gain as in assumption 1. There is some additional complexity compared to assumption 2 because of the combining. 
· For assumption 4, the UE attempts to decode both candidates separately, and if it fails, it tries to decode the combined version. This option seems to require the most complexity since it has the highest number of decoding attempts. Compared to assumption 3, it’s not clear what is the benefit of individually decoding the second candidate if the first candidate fails since the UE could already try to benefit from the combining gain.  

In Figure 2 - Figure 4, we present our evaluation results comparing the performance of single PDCCH candidate decoding and combined PDCCH candidate decoding. The figures consider a the different aggregation levels1, 2, and 4. We simulated FDM, and TDM+FDM cases for two different payload sizes of 36 and 72 bits. We see there is a net gain of ~ 2 dB from using combining compared to individual decoding. As indicated by the presented results, decoding Assumptions 1, 3, and 4 which make use of combining offer the highest performance. The observation holds true for different payload sizes, with the gain from combining being slightly higher for 36 bits compared to 72 bits. Comparing FDM vs TDM+FDM, the performance is near identical with some cases showing very small gain from using TDM+FDM. In our simulation the time separation was within one TTI so the benefits from time diversity may be more beneficial for larger time separation, e.g., intra-slot repetitions. 
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[bookmark: _Ref61447506]Figure 2
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[bookmark: _Ref61447521]Figure 4

[bookmark: _Hlk61508062]	Table 1 shows an overall comparison of the studied schemes. Based on the discussion and simulation results, Assumption 3 offers a right balance between performance, decoding complexity and latency . 
	Table 1 - Overall comparison of the studied schemes

	Decoding Strategy
	Complexity
	Average Latency
	Performance

	Assumption 1
	1 BD + Buffering
	High
	High

	Assumption 2
	2 BD 
	Low
	Low

	Assumption 3
	2 BD + Buffering
	Low
	High

	Assumption 4
	3 BD + Buffering 
	Low
	High



[bookmark: _Hlk61509304]Observation 3: Based on the discussion and simulation results, Assumption 3 offers a right balance between performance, decoding complexity and latency. 
Proposal 3: Support Assumption 3 for PDCCH decoding. 

3. PUSCH
	Working Assumption
[bookmark: _Hlk61509485][bookmark: _Hlk61509424]For single DCI based M-TRP PUSCH repetition Type A and B, it is possible to configure either cyclic mapping or sequential mapping of UL beams.
· The support of cyclic mapping can be optional UE feature for the cases when the number of repetitions is larger than 2.
· FFS: Support of half-half mapping. 
· FFS: Additional considerations on mapping patterns (including required beam switching gaps) 
· Companies are encouraged to provide further simulation results to decide details.   



According to the working assumption from the last meeting, it would be possible to apply cyclic mapping or sequential mapping of UL beams for M-TRP PUSCH repetition Type A and B. Given that fact that UEs could have different beam switching capability, when configuring a mapping pattern, the network should account it’s capability to ensure that the configured pattern can be correctly followed. For example, the UE is required to support low switching time to enable intra-slot beam switching for Type B repetitions. 
[bookmark: _Hlk61515174]Use of multiple patterns for uplink transmission is especially important in FR2 where narrow beams are susceptible to potential blockage. Moreover, UE movements and user handling of a handset could also affect the choice of beams for transmission to TRPs. Since the choice of mapping pattern depends on a set of factors that are dynamically changing in the system, we believe that the network should be given the flexibility to configure multiple patterns, and then the selection of a pattern should be dynamically indicated using a DCI. The dynamic indication ensures that a network has full flexibility to assign a pattern in a timely manner according to UE mobility, channel, etc. 

Observation 4: The choice of mapping pattern depends on a set of factors that are dynamically changing in the system, we believe that the network should be given the flexibility to configure multiple patterns dynamically.
Proposal 4: To support PUSCH beam switching, multiple PUSCH mapping patterns are RRC configured, and one is dynamically indicated by a DCI.  

	Agreement
Support both type 1 and type 2 CG PUSCH transmission towards MTRP. Further study the following alternatives, 
· Alt.1 : single CG configuration 
· Repetitions of a TB transmitted towards MTPR on multiple PUSCH transmission occasions of single CG configuration.
· At least for codebook-based CG PUSCH, support configuring 2 SRIs/TPMIs. 
· Alt.2 : multiple CG configurations 
· Repetitions of a TB transmitted towards MTRP on more than one PUSCH transmission occasions, where one or more transmission occasions are from one CG configuration and another one or more PUSCH transmission occasions are from another CG configuration.
· 1 SRI/TPMI is configured/indicated for each CG configuration.
· Further study required beam mapping principals, low overhead mechanisms for beam selection, and other enhancements for Alt.1 and Alt.2.  




	Agreement
Support both type 1 and type 2 CG PUSCH transmission towards MTRP. Further study the following alternatives, 
· Alt.1 : single CG configuration 
· Repetitions of a TB transmitted towards MTPR on multiple PUSCH transmission occasions of single CG configuration.
· At least for codebook-based CG PUSCH, support configuring 2 SRIs/TPMIs. 
· Alt.2 : multiple CG configurations 
· Repetitions of a TB transmitted towards MTRP on more than one PUSCH transmission occasions, where one or more transmission occasions are from one CG configuration and another one or more PUSCH transmission occasions are from another CG configuration.
· 1 SRI/TPMI is configured/indicated for each CG configuration.
· Further study required beam mapping principals, low overhead mechanisms for beam selection, and other enhancements for Alt.1 and Alt.2.



In Rel-16, UE uses a same spatial filter across all repetitions. For configured grant, one SRI is configured semi-statically as part of the ConfiguredGrantConfig with srs-ResourceIndicator. The number of repetitions is given by repK and can be set to either Type A or Type B depending on whether pusch-RepTypeB is set. For configured grant type 2, the configured SRI can be overwritten by the SRI received in the DCI with the activation grant.
In the agreed Alt.1, a single CG-PUSCH configuration is used, and repetitions are transmitted to multiple TRPs using different SRIs for the repetitions. Then an enhancement is required to enable more than one SRI to be configured per ConfiguredGrantConfig. At most repK SRIs need to be configured, so that a UE can be configured with a CG with the desired repK. For example, two SRIs can be configured and mapped to two PUSCH occasions so the UE can send two repetitions targeting two TRPs. Multiple CGs are configured to support different SRI patterns and repetition numbers. 
In Alt.2, multiple CG-PUSCH configurations are used, and repetitions are transmitted to multiple TRPs using different CG-PUSCH. The CG-PUSCH are configured as in Rel-16 with one SRI. One reasons to use multiple CGs is to adapt the resource allocation towards different TRPs. Given different link conditions to different TRPs, the UE can operate with a CG-PUSCH with a configuration appropriate for the link (e.g. repK, MCS, etc…).  Then enhancements are required to link multiple CGs to different repetitions and SRIs. 
Another aspect to consider is to provide a low overhead mechanism for beam selection. CGs allow the UE to transmit without requiring a DCI for each transmission. In a multi-TRP environment and particularly in FR2, the optimal beam can vary dynamically. However, beam selection for CG Type 1 does not allow for dynamic reconfiguration of the spatial filters leading to a suboptimum spatial filter selection by the UE. On the other hand, although Type 2 can be dynamically changed using the DCI but that generates a large amount of overhead due to sending a DCI whenever the spatial filter is changed. 
We prefer to have Alt.1 where multiple spatial filter groups can be configured. Then using the same CG, a UE can be dynamically indicated to select a spatial filter group on a slot by slot basis. This could be indicated for example in a group common DCI which indicates the spatial filter patterns used by the TRPs for a given number of slots. We propose that further enhancements are to enable the UE to dynamically select the spatial filters. 
Observation 5: Spatial filters for CG-PUSCH are semi-static and require high overhead to modify. For Alt. 2, overhead become more of an issue as multiple configurations are required. 
Proposal 5: Support Alt. 1 with some enhancements to dynamically select CG spatial filters. 

4. PUCCH
	Agreement
For multi-TRP TDM-ed PUCCH transmission schemes, 
· Support the use of a single PUCCH resource 
· Up to two spatial relation info’s can be activated per PUCCH resource via MAC CE
· FFS: Required enhancements for FR1
FFS: Use of multiple PUCCH resources.  



In the last meeting, it was agreed to use a single PUCCH resource for multi-TRP TDM-ed PUCCH transmission schemes. On using multiple PUCCH resources, the main advantage is being able to use different resource allocations. Since each PUCCH repetition targets a different TRP, then the RSRP/signal quality varies for each transmission. Using different resource allocation allows a UE to transmit PUCCH with desired reliability by adapting the PRBs. As such, even if UCIs would be spread over different amount of resources preventing possibility of soft combining, still the reliability can be improved through multiple chances of decoding PUCCH. For example, in case reception of one repetition is significantly impaired, the TRP still has a chance of decoding the other transmission. 
For PUCCH sent following a PDCCH, as of Rel-16, the DCI includes one PRI value which maps to one PUCCH resource, and then the same resource is used for all repetitions. Therefore, if multiple PUCCH resources is supported, the single DCI case requires an enhancement to signal multiple PUCCH resources for multi-TRP. Since each PRI is 3 bits, the additional overhead can become significant if multiple resources are signalled explicitly and if the number of resources is large. Since we are only considering two TRPs, then two PUCCH resources should be sufficient to allow for link adaptation on each link. Then, the PRIs can be explicitly signalled in a DCI by introducing a second PRI. Alternatively, to avoid the extra overhead, the PRI values can be mapped according to an SRI, a group of SRI, or to a TRP index. This way the UE can determine the implicit link between an SRI and PRIs through a configuration which avoids the additional overhead in DCI. 
Observation 6: When sending PUCCH repetitions, link quality varies between TRPs.
 
Proposal 6: Support multiple PUCCH resources for PUCCH repetitions. 

	Agreement
For configuration/indication of the number of PUCCH repetitions for Scheme 1, there is no restriction on using Rel-15 framework on configuring the number of repetitions.  
Rel-17 feMIMO may additionally consider supporting the dynamic indication of the number of repetitions in RAN1 #104 meeting. 

Working Assumption
For PUCCH multi-TRP enhancements in Scheme 1, it is possible to configure either cyclic mapping or sequential mapping of spatial relation info’s over PUCCH repetitions. 
· FFS: Applicability of mapping patterns for different beam switching gaps
· The support of cyclic mapping can be optional UE feature for the cases when the number of repetitions is larger than 2. 
· Note: For Scheme 1, cyclical mapping pattern and sequential mapping pattern are as follows, 
· Cyclical mapping pattern: the first and second beam are applied to the first and second PUCCH repetition, respectively, and the same beam mapping pattern continues to the remaining PUCCH repetitions. 
· Sequential mapping pattern: the first beam is applied to the first and second PUCCH repetitions, and the second beam is applied to the third and fourth PUCCH repetitions, and the same beam mapping pattern continues to the remaining PUCCH repetitions.




In PUCCH, the number of repetitions is semi-statically configured with the PUCCH RRC configuration IE. This is different than PUSCH where the number of repetitions is dynamically indicated through the TDRA. We think that PUCCH should benefit from the same flexibility as PUSCH and dynamic indication of number of repetitions should be introduced. The dynamic signalling can adapt the number of repetitions to the channel conditions which provides the network more flexibility and better usage of resources. Similar to PUSCH, we also support the dynamic indication of mapping patterns so the UE transmission pattern can be adapted depending on which beams and panels are active at the UE. 

Observation 7: The number of repetitions and spatial filter mapping of PUCCH repetitions requires large overhead to modify.
 
Proposal 7: Support dynamic indication of PUCCH mapping patterns and number of repetitions.  

5. CONCLUSIONS
This contribution discussed the reliability enhancements to PDCCH, PUCCH, and PUSCH. Based on the presented discussion, we make the following observations and proposals:

Observation 1: Besides providing additional diversity that is important for FR2, a TDM mapping could provide an ample time for a UE to switch its analog beam or activate a panel, if needed.

Observation 2: A UE may be unable to monitor repeated PDCCH candidates due to the BD limit.  

Observation 3: Based on the discussion and simulation results, Assumption 3 offers a right balance between performance, decoding complexity and latency. 

Observation 4: The choice of mapping pattern depends on a set of factors that are dynamically changing in the system, we believe that the network should be given the flexibility to configure multiple patterns dynamically.

Observation 5: Spatial filters for CG-PUSCH are semi-static and require high overhead to modify. For Alt. 2, overhead become more of an issue as multiple configurations are required. 

Observation 6: When sending PUCCH repetitions, link quality varies between TRPs. 

Observation 7: The number of repetitions and spatial filter mapping of PUCCH repetitions requires large overhead to modify. 

Proposal 1: Support at least Alt. 3.  

Proposal 2: Modify search rule to prioritize monitoring of repeated PDCCH candidates in a SS without increasing UE complexity.   

Proposal 3: Support Assumption 3 for PDCCH decoding. 

Proposal 4: To support PUSCH beam switching, multiple PUSCH mapping patterns are RRC configured, and one is dynamically indicated by a DCI.  

Proposal 5: Support Alt. 1 with some enhancements to dynamically select CG spatial filters. 

Proposal 6: Support multiple PUCCH resources for PUCCH repetitions. 

Proposal 7: Support dynamic indication of PUCCH mapping patterns and number of repetitions.  
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7. EVALUATION ASSUMPTIONS
	Parameters
	Values

	Channel model
	TDL-C, delay spread 300 ns

	Carrier frequency
	2.6 GHz

	Bandwidth
	10 MHz (15 kHz SCS)

	Antenna Config
	1x1

	AL
	1, 2 ,4

	# of RBs/symbols
	6, 12, 24 RBs / 1 symbol per CORESET

	DCI payload
	36, 72 bits

	CCE-to-REG mapping
	Non-interleaved

	Precoding assumptions
	No precoding
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