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Introduction

In RAN#94e, the following was agreed for the extension of the Rel. 17 unified TCI framework in Rel. 18 [1]:

	Specify extension of Rel-17 Unified TCI framework for indication of multiple DL and UL TCI states focusing on multi-TRP use case, using Rel-17 unified TCI framework.


Multi-TRP framework in Rel. 16 and Rel. 17

The specification support for multi-TRP transmissions in 5G NR started in Rel. 16 with the PDSCH [2]. In Rel. 17, the support was extended to the PDCCH, PUSCH and PUCCH as specified in [2] and [3].
2.1 Multi-TRP PDSCH enhancements in Rel. 16

In Rel. 16, two modes of multi-TRP transmissions are supported for the PDSCH [2]:
· Single-DCI-based multi-TRP: A single DCI schedules the transmission of one or more PDSCH(s) from multiple TRPs via time- or frequency-domain repetition, or via spatial-domain multiplexing. Time- or frequency-domain repetition involves the transmission of the repetitions of a PDSCH TB that is multiplexed in time or frequency, respectively, and originating from different TRPs, i.e., associated with different TCI-states. The spatial-multiplexing of a TB via multiple TRPs involves the transmission of a subset of layers of the TB from a first TRP and the remaining layers from a second TRP. The scheduling-DCI indicates the multiple TCI-states for the reception of the different repetitions or parts of the PDSCH from different TRPs. Their mapping to different repetitions or parts of the PDSCH is determined via higher layer or fixed in the specifications.
· Multi-DCI-based multi-TRP: Two different TRPs can schedule PDSCHs simultaneously, i.e., on overlapping time-frequency resources, and independently via two different DCIs. Each DCI indicates the TCI-state for the reception of the PDSCH scheduled by it. 
The two-modes of multi-TRP operation are illustrated below in Fig. 1 and Fig. 2.

The multi-DCI-based multi-TRP PDSCH transmission mode is enabled via the use of the CORESET pool index. The CORESETs in a cell enabled with this feature are segregated using the CORESET pool index and a PDCCH or CORESET pool index value  can be understood to be associated with TRP . Two PDSCHs can be simultaneously scheduled via PDCCHs associated with two different CORSET pool index values. Note that when multi-DCI-based multi-TRP PDSCH transmission is enabled, single-DCI-based multi-TRP PDSCH transmission is not possible.
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	Figure 1: Single-DCI-based multi-TRP repetition where a singke DCI schedules two PDSCHs from two different TRPs.
	Figure 2: Multi-DCI-based multi-TRP operation in where each DCI schedules the PDSCH only from the respective TRP.



2.2 Multi-TRP PUSCH enhancements in Rel. 16 and Rel. 17

The multi-DCI-based multi-TRP scheduling of non-overlapping PUSCH transmissions is supported in Rel. 16 [2]. Two different DCIs, associated with two different CORESET pool index values, and hence two different TRPs, may schedule non-overlapping PUSCHs. The specification permits out-of-order transmission between the two PUSCHs, thereby allowing for independent scheduling of the PUSCHs by the different TRPs.

Observation 1: The configuration of the CORESET pool index allows for independent scheduling of PDSCHs and PUSCHs from different TRPs using different DCIs. 

In addition, the repetition of a PUSCH TB within a slot or across slots is enabled by scheduling via a single-DCI in Rel. 17 as provided in the TSs [2] and [4]. The scheduling DCI comprises two SRS resource indicator (SRI) fields and two TPMI fields in the case of codebook-based PUSCH. Each pair of SRI and TPMI maps to a specific PUSCH repetition, as configured via higher layer, thereby enabling separate ports and precoding for the PUSCH repetition transmitted to a given TRP. The power control parameters are also mapped separately to the repetitions corresponding to the different TRPs. An additional field for the selection of the SRIs enables dynamic switching between multi-TRP and single-TRP PUSCH transmission. Spatial- and frequency-domain multiplexing of PUSCH(s) towards multiple TRPs and simultaneous transmission of multiple PUSCHs altogether, however, are not supported.
2.3 Multi-TRP PDCCH enhancements in Rel. 17

PDCCH repetition via multiple TRPs is enabled in Rel. 17 for SFN and non-SFN deployments. For the SFN case, a CORESET can be indicated with multiple TCI-states, each associated with a TRP [5]. For the reception of the PDCCHs on the CORESET, all the TCI-states are applied by the UE. In the case of non-SFN-based PDCCH repetition, two different search space sets may be linked via the higher layer parameter searchSpaceLinking in the search space set configuration [3]. The ID of the search space set linked with a given search space set is provided by searchSpaceLinking. The linking means that the -th PDCCH candidates of aggregation level  in both search space sets comprise identical PDCCH payload. In addition, the linked search space sets are mandated to have identical number of PDCCH candidates in a given aggregation level and also to have identical sets of aggregation levels configured in them. The non-SFN-based repetition of the PDCCH from multiple TRPs, however, is not supported from PDCCH candidates originating from CORESETs associated with different CORESET pool index values. This means that when CORESET pool index is configured, PDCCH repetition is performed via a single TRP or via two different TRPs that are not explicitly segregated via CORESET pool indices.

Observation 2: When CORESET pool index is configured, PDCCH repetition is performed via a single TRP or via two different TRPs that are not explicitly segregated via different associated CORESET pool index values.
2.4 Multi-TRP PUCCH enhancements in Rel. 17

PUCCH repetition in Rel. 17 is performed across slots and the repetition factor is configured via higher layer. No modifications are made to the indication or scheduling of the PUCCH resources. For a PUCCH resource carrying UCI, when configured with PUCCH-nrofSlots or nrofSlots, the UE repeats the transmission of the UCI with the given PUCCH resource for the number of slots mentioned by one of the above parameters [3]. Moreover, each PUCCH resource can be indicated with multiple spatial relations and multiple power control parameters via MAC-CE messages, which are mapped to the PUCCH resource repetitions according to higher layer configuration. The repetitions, via the mapping of the spatial relations and power control parameters, are performed to different TRPs. 
2.5 Overview of the enabled multi-TRP schemes

An illustration of the modes of multi-TRP transmission enabled for various channels in Rel. 16 and Rel. 17 is provided in Figs. 3-6. Only the methods enabled via explicit specifications are provided in the illustrations. Methods that are implicitly enabled by the specifications are, however, not included. In Rel. 16 or Rel. 17, it is possible, via the indication of TCI-states or spatial relations itself, to enabled transmissions from different TRPs for various channels. For example, the gNB may switch between two different TRPs by modifying the TCI-state used for the PDSCH via the DCI. Similarly for PUSCH, the spatial relation used for it can be modified via the spatial relation used for the reference PUCCH resource or the SRS resource. The PDCCH can similarly be transmitted from multiple TRPs by having different CORESETs in a BWP associated with different TCI-states. Such transmissions, which require very little or no co-operation or concurrence between the TRPs, can be enabled in a transparent manner without any specification impact or UE knowledge. The novelty in the transmission modes specified in Rel. 16 and Rel. 17 are the simultaneous and/or co-operative transmissions from multiple TRPs, for which specification changes are necessary. 

The specification enables independent scheduling from multiple TRPs for the DL and UL shared channels and reliability enhancement for both the control and shared channels in DL and UL. The single-DCI-based scheduling methods for the PDSCH and PUSCH are aimed at reliability enhancement, while multi-DCI-based scheduling, at least for PDSCH, is specified for increased cell-edge throughput. The PDCCH and PUCCH enhancements solely target channel reliability and robustness.

The TCI-state or spatial relation indication for the multi-TRP transmission modes use the TCI or spatial relation framework until Rel. 16. With the unified TCI framework specified in Rel. 16, mostly for single-TRP scenarios, with lower overhead and indication latency, an update of the specifications is required for multi-TRP use-cases. 
	
	

	
	

	Figure 3: Multi-TRP PDSCH schemes
	Figure 4: Multi-TRP PUSCH schemes

	
	

	
	

	
	

	Figure 5: Multi-TRP PDCCH schemes
	Figure 6: Multi-TRP PUCCH schemes



Observation 3: The TCI-state or spatial relation indication for the multi-TRP transmission modes use the TCI or spatial relation framework until Rel. 16.
Unified TCI framework for single-TRP transmissions in Rel. 17

Until Rel. 16, the TCI-state was indicated individually for various channels or RSs via MAC-CE or DCI. In Rel. 17, the unified TCI framework was introduced for the indication of the TCI-state for multiple channels along with UL/DL RSs via a single DCI. For combining or separating the TCI-state indication for UL and DL, different types of TCI-states were introduced – the DL or joint TCI-state providing either a DL setting or a joint UL and DL setting and the UL TCI-state comprising only UL Tx settings. One pool of DL or joint TCI-states or one pool each of DL or joint TCI-states and UL TCI-states are configured to the UE. The DCI may indicate either a joint TCI-state or an UL and/or a DL TCI-state based on higher layer configuration of joint TCI or separate TCI mode (unifiedtci-StateType) [6], which is applied to all or a subset of PDCCH(s) in a cell (at least UE-dedicated PDCCH(s)), the PDSCHs scheduled by the PDCCH(s), dynamic- or configured-grant PUSCH and/or the UE-dedicated PUCCHs in the cell according to the type of TCI-state(s) indicated by the DCI. Additionally, CSI-RS or SRS in certain scenarios (aperiodic and specific usages) are also be applied with the common TCI-state indication [7]. The common TCI-state indication is received on DCI format 1_1/1_2 with or without DL data assignment. 

An illustration of the common TCI-state indication with various types of TCI-states is provided below in Fig. 7-9. The joint TCI-state is applied to both DL and UL channels and RS(s). The RS(s) in the figures are included in boxes with dashed lines as the common TCI-state indication is applicable only for certain time-domain behaviours and/or types of RSs as agreed in [7]. The UL TCI-state is applied only to UL channels and the DL TCI-state is applied only to DL channels. 
	
Figure 7: Common TCI-state indication using joint or separate UL/DL TCI-states

	
	

	Figure 8: Common TCI-state indication for UL channels and SRS using a separate UL TCI-state
	Figure 9: Common TCI-state indication for DL channels and CSI-RS using a separate DL TCI-state


From the above description of the unified TCI framework, it can be understood that the framework is applicable only for single-TRP scenarios where a maximum of one beam is applied in UL or DL. For enabling multi-TRP reception or transmission, multiple beams need to be enabled for a given channel.

Observation 4: The Rel. 17 unified TCI framework provides common TCI-state pools and thereby, common TCI-state indication for various channels and RSs, which eliminates the need for individual TCI/spatial relation pools and individual signalling of TCI-states for most channels and RSs as in Rel. 15/16. 

Moreover, the newly introduced TCI-state pools replace the TCI/spatial relation pools of Rel. 16/17 that even the individual TCI-state signalling for channels and RSs that do not apply the common TCI-state indication can be performed using the new TCI-state pools [8]. 
Multi-TRP extension to Rel. 17 unified TCI framework

With the latency and overhead reduction advantages posed by the unified TCI framework, its extension to multi-TRP scenarios is a straight-forward and obvious enhancement to the NR specifications. The extension should be discussed for two possible scenarios for the shared channels: single-DCI-based multi-TRP scheduling and multi-DCI-based multi-TRP scheduling. However, the terms “single-DCI-based” or “multi-DCI-based” convey the signaling method used in Rel. 16 and 17 and hence may restrict the possibilities of extension in Rel. 18 to similar usage or signaling methods. To expand the possibilities of multi-TRP extension in Rel. 18 for the two aforementioned MTRP modes of Rel. 16 and 17, the multi-DCI-based MTRP scheduling method is called as “independent scheduling of PxSCHs” and single-DCI-based MTRP scheduling is called as “dependent scheduling of PxSCHs”. The explicit differentiating parameter between the two would be the configuration of a parameter that separates the scheduling from different TRPs (e.g., CORESET pool index).
0. Independent multi-TRP scheduling (CORESET pool index configured)

This mode of transmission for PDSCH and PUSCH, as described before, is enabled via the configuration of the CORESET pool index in PDCCH-Config. With two different values of CORESET pool index configured, the gNB schedules PDSCHs via different DCIs, wherein the ordering of the HARQ feedbacks, the reception and processing are performed only within PDSCHs associated with the same CORESET pool index value and not across two different values of the index. A similar condition is also proposed for the PUSCHs, but the PUSCHs scheduled by DCIs associated with different CORESET pool indices are non-overlapping. The TCI-states or spatial relations for the individual PDSCHs or PUSCHs are provided by the scheduling DCIs or other independent signaling.

The unified TCI framework in Rel. 17 allows the indication of TCI-states for multiple channels in UL and/or DL via the DCI. For this type of multi-TRP transmission, two options for the common TCI-state indication are available:
· Option 1: Indication of the common TCI-state(s) for UL and/or DL channel(s) and optionally, RS(s) associated with a CORESET pool index  in a DCI associated with CORESET pool index 
· Option 2: Indication of the common TCI-state(s) for UL and/or DL channel(s) and optionally, RS(s) associated with both CORESET pool index 0 and 1 in a single DCI regardless of the CORESET pool index associated with the DCI.
For option 1, the DCI indicates  joint TCI-state or  DL TCI-state and/or  UL TCI-state and the target channels for Rel. 17 unified TCI framework for single-TRP can be reused, with the additional condition that they are associated with the same CORESET pool index value as that of the DCI. The association of channels and RSs with CORESET pool index values is the part that requires further discussion for this option.

In the case of option 2, a single DCI indicates  joint TCI-states or  DL TCI-states and/or  UL TCI-states. The indicated multiple TCI-states should be applied to separate sets of channels and RSs, each set segregated using the CORESET pool index or another index. The first TCI-state is applied to channels or RSs associated with a first CORESET pool index value and the second TCI-state is applied to channels or RSs associated with a second CORESET pool index value. The DCI may be received from either TRP – the associated TRP for the indicating DCI is immaterial. With one TRP providing the TCI-states corresponding to all the TRPs but separate scheduling for the PxSCHs corresponding to the TRPs, this option gives rise to a mixture of operation modes that may increase network implementation complexity.

The indication of more than 2 beams may not be required for option 2 as a maximum of two default beams is both sufficient for MTRP use-cases and complex enough for UE implementation. Hence ,  and  can be set to a maximum of 2 in Rel. 18.

Proposal 1: To extend the indication of the common TCI-state(s) from the unified TCI framework in Rel. 17 to multiple TRPs, the following options are considered:
· Option 1: A DCI associated with CORESET pool index  indicates  joint TCI-state or  DL TCI-state and/or  UL TCI-state for UL and/or DL channel(s) and optionally, RS(s) associated with a CORESET pool index .
· Option 2: A DCI indicates  joint TCI-states or,  DL TCI-states and/or  UL TCI-states for UL and/or DL channel(s) and optionally, RS(s) associated with CORESET pool index 0 and 1.
For either of the options described above, the association of a channel or RS with a CORESET pool index value has to be performed. The association with a CORESET pool index may be performed for PDSCH, dynamic-grant-based PUSCH and HARQ-carrying-PUCCH via the scheduling PDCCH. For other cases such as configured-grant-based PUSCH, PUCCH carrying CSI or SR and RS(s), such an association doesn’t exist. For channels or RSs where an association with the CORESET pool index exists, the TCI-state application can be straight-forward as mentioned above. When such an association doesn’t exist for a given channel or RS, TCI-state indication needs to be separately handled as described below. 

Proposal 2: Study TCI-state indication in MTRP scenarios for channels and RSs that do not have an implicit or explicit grouping according to TRPs (for e.g., via the CORESET pool index).

A first alternative would be to perform individual TCI-state signaling as in Rel. 16 or Rel. 17 or specifying default TCI-states. With periodic signaling of individual TCI-states for various channels and RSs, the control information overhead would be high. Even if a clear segregation of the channels and RSs exists, the lack of recognition via the specifications leads to increased overhead in TCI-state signaling. To specify default TCI-states, various corner cases of the channels and RSs need to be identified which leads to higher specification effort.

A second alternative that strives for a unified solution would be the association of the CORESET pool index or another (existing or new) index explicitly or via indirect methods with such channels and RS(s), which can also reduce control information overhead. With the CORESET pool index originally introduced in Rel. 16 and Rel. 17 for the purpose of supporting a specific type of PxSCH scheduling, its extension for the use of TCI-state indication may not be completely straight-forward. Hence, both the options have to be further studied. 

Proposal 3: Study the following options to segregate channels and RSs for TCI-state indication, especially for the ones without any implicit or explicit grouping according to TRPs:
· reuse of CORESET pool index, or 
· use another (existing or new) index. 
0. Dependent multi-TRP transmissions (no CORESET pool index configured)

A PxSCH or PxDCH is scheduled from two different TRPs by repetition or diversity in this mode. With the connection between the two TRPs via the TB of the channel itself and only the TCI-state application (and power control in the uplink) being the differentiating aspect from single-TRP transmissions while the scheduling or higher layer aspects untouched, there is no need for a parameter to differentiate TRPs in this case. In this scenario, there is only one option for common TCI-state indication: a DCI indicates  joint TCI-states or,  DL TCI-states and/or  UL TCI-states. This is identical to the indication as described in option 2 for independent MTRP scheduling scenario. Even for this case, the restriction to a maximum of 2 TCI-states for UL and/or DL can be applied.

Proposal 4: For the case of dependent multi-TRP transmissions, i.e., when CORESET pool index is not configured, the common TCI-state indication is performed as follows: A DCI indicates  joint TCI-states or,  DL TCI-states and/or  UL TCI-states for UL and/or DL channel(s) and optionally, RS(s).
Conclusion
 
From the above discussions, the following observations and proposals are made:

Observation 1: The configuration of the CORESET pool index allows for independent scheduling of PDSCHs and PUSCHs from different TRPs using different DCIs. 

Observation 2: When CORESET pool index is configured, PDCCH repetition is performed via a single TRP or via two different TRPs that are not explicitly segregated via different associated CORESET pool index values.

Observation 3: The TCI-state or spatial relation indication for the multi-TRP transmission modes use the TCI or spatial relation framework until Rel. 16.
Observation 4: The Rel. 17 unified TCI framework provides common TCI-state pools and thereby, common TCI-state indication for various channels and RSs, which eliminates the need for individual TCI/spatial relation pools and individual signalling of TCI-states for most channels and RSs as in Rel. 15/16. 

Proposal 1: To extend the indication of the common TCI-state(s) from the unified TCI framework in Rel. 17 to multiple TRPs, the following options are considered:
· Option 1: A DCI associated with CORESET pool index  indicates  joint TCI-state or  DL TCI-state and/or  UL TCI-state for UL and/or DL channel(s) and optionally, RS(s) associated with a CORESET pool index .
· Option 2: A DCI indicates  joint TCI-states or,  DL TCI-states and/or  UL TCI-states for UL and/or DL channel(s) and optionally, RS(s) associated with CORESET pool index 0 and 1.
Proposal 2: Study TCI-state indication in MTRP scenarios for channels and RSs that do not have an implicit or explicit grouping according to TRPs (for e.g., via the CORESET pool index). 

Proposal 3: Study the following options to segregate channels and RSs for TCI-state indication, especially for the ones without any implicit or explicit grouping according to TRPs:
· reuse of CORESET pool index, or 
· use another (existing or new) index.
Proposal 4: For the case of dependent multi-TRP transmissions, i.e., when CORESET pool index is not configured, the common TCI-state indication is performed as follows: A DCI indicates  joint TCI-states or,  DL TCI-states and/or  UL TCI-states for UL and/or DL channel(s) and optionally, RS(s).
References

[1] RP-213598, New WID: MIMO Evolution for Downlink and Uplink, 3GPP Work Item Description, Samsung (Moderator), 3GPP TSG RAN Meeting #94e, Electronic Meeting, December 6 - 17, 2021.
[2] 3GPP Technical Specification 38.214 V17.1.0, Physical layer procedures for data (Release 17), April 2022.
[3] 3GPP Technical Specification 38.213 V17.1.0, Physical layer procedures for control (Release 17), April 2022.
[4] 3GPP Technical Specification 38.212 V17.1.0, Multiplexing and Channel Coding (Release 17), April 2022.
[5] 3GPP Technical Specification 38.321 V17.0.0, Medium Access Control Protocol Specification (Release 17), April 2022.
[6] 3GPP Technical Specification 38.331 V17.0.0, Radio Resource Control Protocol Specification (Release 17), March 2022.
[7] RAN1 Chair’s Notes, 3GPP TSG RAN WG1 #106-e, e-Meeting, August 16th – 27th, 2021.
[8] RAN1 Chair’s Notes, 3GPP TSG RAN WG1 #108-e, e-Meeting, February 21st – March 3rd, 2022.

Multi-TRP PUSCH


Single-DCI-based time-domain repetition


Multi-DCI-based independent, non-overlapping, multi-TRP scheduling



Multi-TRP PDCCH


SFN-based repetition - CORESET with two TCI-states


Non-SFN-based PDCCH repetition via search space set linking



Multi-TRP PUCCH


Time-domain repetition



DCI with one joint TCI-state or one UL TCI-state and one DL TCI-state


All or subset of PDCCH(s) in the cell


PDSCH(s) scheduled by the PDCCH(s)


PUSCH(s) scheduled by the PDCCH(s)


UE-dedicated PUCCH resources


CSI-RS resource(s)


SRS resource(s)



DCI with N=1 UL TCI-state


Dynamic- or configured-grant based PUSCH(s)


UE-dedicated PUCCH resources


SRS resource(s)



DCI with M=1 DL TCI-state


All or subset of PDCCH(s) in the cell


PDSCH(s) scheduled by the PDCCH(s)


CSI-RS resource(s)



Multi-TRP PDSCH


Single-DCI-based repetition


Single-DCI-based multi-TRP SDM


Multi-DCI-based independent multi-TRP scheduling


