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1. Introduction
In RAN1 NR Adhoc#1 meeting, the following agreements related to beam failure recovery were achieved [1]:
· NR-PDCCH transmission supports robustness against beam pair link blocking
· UE can be configured to monitor NR-PDCCH on M beam pair links simultaneously, where
· M≥1. Maximum value of M may depend at least on UE capability.
· FFS: UE may choose at least one beam out of M for NR-PDCCH reception
· UE can be configured to monitor NR-PDCCH on different beam pair link(s) in different NR-PDCCH OFDM symbols
· FFS: NR-PDCCH on one beam pair link is monitored with shorter duty cycle than other beam pair link(s). 
· FFS: time granularity of configuration, e.g. slot level configuration, symbol level configuration
· FFS: Note that this configuration applies to scenario where UE may not have multiple RF chains
· FFS: The definition of monitoring NR-PDCCH on beam pair link(s).
· Parameters related to UE Rx beam setting for monitoring NR-PDCCH on multiple beam pair links are configured by higher layer signaling or MAC CE and/or considered in the search space design
· FFS: Required parameters
· FFS: Need to support both higher layer signaling and MAC CE
In RAN1 #90 meeting, the following agreements related to the maximum supported number of NR-PDCCHs were achieved [2]:
· The maximum supported number of NR-PDCCHs corresponding to scheduled NR-PDSCHs that a UE can be expected to receive in a single slot is 2 on a per component carrier basis in case of one bandwidth part for the component carrier
· FFS the case of multiple BWPs for the component carrier if supported
· (Working assumption) In this case, at most a total of 2 CWs over the scheduled NR-PDSCHs
In RAN1 NR Adhoc#3 meeting, the following agreements related to QCL configuration for PDCCH were achieved [3]:
· The QCL configuration for PDCCH contains the information which provides a reference to a TCI state
· Alt 1: The QCL configuration/indication is on a per CORESET basis
· The UE applies the QCL assumption on the associated CORESET monitoring occasions. All search space(s) within the CORESET utilize the same QCL.
· Alt 2: The QCL configuration/indication is on a per search space basis
· The UE applies the QCL assumption on an associated search space. This could mean that in the case where there are multiple search spaces within a CORESET, the UE may be configured with different QCL assumptions for different search spaces.
· Note: The indication of QCL configuration is done by RRC or RRC + MAC CE (FFS: by DCI)
· Note: The above options are provided as input to the control channel agenda item discussion
In this contribution, we share our view on multi-beam operation for NR-PDCCH, with focus on QCL configuration granularity in control resource set (CORESET) configuration. This contribution is a revision and update of R1-1715485.
2. Multi-beam operation for NR-PDCCH
To increase the reliability of NR-PDCCH, a UE can be configured to monitor NR-PDCCH on M beam pair links simultaneously and in different NR-PDCCH OFDM symbols. In both cases, resources for NR-PDCCH monitoring and/or beam information need to be indicated in the configuration information. According to [4], antenna port quasi-collocation provided by higher layer parameter [CORESET_QCL-ConfigId] and time-frequency resources of NR-PDCCH are both included in configuration of each CORESET. However, the granularity of QCL configuration is still FFS. In MIMO section of NR Adhoc#3 meeting, two alternatives of QCL configuration for PDCCH are provided as input to the control channel agenda item discussion. In these two alternatives, the QCL configuration/indication for PDCCH is either on a per CORESET basis (Alt 1) or on a per search space basis (Alt 2). With Alt 1, all search space(s) within the CORESET utilize the same QCL. With Alt 2, the UE may be configured with different QCL assumptions for different search spaces. Next we will analyze the granularity of QCL configuration in both the single and multiple DCI cases.
2.1 Single DCI case
[bookmark: _GoBack]When there is only one DCI message, this DCI can be transmitted in one or more CORESETs with one or multiple beams. Figure 1 shows five examples of QCL configuration for single DCI with multi-beam operation. In figure 1(a), the single DCI is carried by one CORESET with one or multiple beams. In figure 1(b), the single DCI is copied and carried by two CORESETs with two different beams. In figure 1(c), the single DCI is also carried by two CORESETs, and each CORESET is transmitted through more than one beam. In these three use cases, the whole CORESET can have the same QCL configuration and be QCL-ed with the same one or multiple CSI-RSs. The granularity of QCL configuration can be the CORESET or finer unit (e.g., search space, PDCCH candidates, etc.). Actually, for the single DCI case, there is no practical difference between CORESET-sized granularity and smaller granularity, since the corresponding PDCCH candidates can be configured to be QCL-ed with the same CSI-RSs in both cases. In figure 1(d) and 1(e), the single DCI is repeated within one CORESET, and each repetition is transmitted through one or multiple beams. In these two use cases, the granularity of QCL configuration should be smaller than one CORESET.


Figure 1. Use cases for a single DCI message
2.2 Multiple DCI case
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]When there are multiple DCI messages, the possible use cases are more complicated. According to the agreements of RAN1 #90 meeting, the maximum supported number of NR-PDCCHs is 2. Figure 2 shows several possible use cases of two DCIs. In figure 2(a) to figure 2(c), two DCIs (i.e., DCI 1 and DCI 2) are carried by different CORESETs. For each CORESET, at most one DCI is carried. DCI 1 and DCI 2 can be transmitted with different one or multiple beams. Then the granularity of QCL can be the whole CORESET or smaller unit (e.g., search space, PDCCH candidates, etc.), similar to the single DCI case. In figure 2(d) to figure 2(f), two DCIs are always carried by the same CORESET. Actually, this limitation can reduce the complexity of NR-PDCCH blind detection, which might be adopted by multiple NR-PDCCHs scheme. In these three use cases, the granularity of QCL configuration should be smaller than one CORESET. Figure 2(g) shows a more complicated use case. Without scheduling limitations, DCI 1 and DCI 2 can be scheduled to any CORESET.	


Figure 2. Use cases for two DCI messages
According to the analysis for single DCI and multiple DCIs cases, we can draw the following observation:
[bookmark: OLE_LINK3]Observation: In order to support various use cases, the possible granularity of QCL configuration should be smaller than one CORESET.
As for a smaller granularity, search space, PDCCH candidate and REG bundle can be considered. The definition of a REG bundle is: the UE may assume that the same precoder is used for the REGs in a REG bundle and that the REGs in a REG bundle are contiguous in frequency and/or time. Here, precoder mainly refers to digital precoding, which granularity is likely to be finer than for spatial beams in the RF domain. Then the granularity of the QCL configuration can be larger than REG bundle. Since multi-beam operation is proposed to increase the reliability of NR-PDCCH against beam pair link blocking, the QCL granularity in the configuration should facilitate beam failure detection. According to the agreements of RAN1#90 meeting [2], beam failure is declared only when all serving control channels fail. When a subset of serving control channels fail, this event should also be handled. It means that, for the case of multiple NR-PDCCHs, failure among any of serving control channels could be detected by the UE. Therefore, a single QCL configuration corresponding to one or more particular PDCCH candidates or search space is preferred. Then we propose that the QCL configuration/indication should be on a per search space basis (i.e., Alt 2 in the agreement on QCL configuration for PDCCH).
Proposal: In CORESET configuration, the QCL configuration/indication should be on a per search space basis (i.e., Alt 2 in the agreement on QCL configuration for PDCCH).
3. Conclusions
In this contribution, we discuss the use cases of single DCI and multiple DCIs. Based on these discussions, we have the following observation and proposal:
Observation: In order to support various use cases, the possible granularity of QCL configuration should be smaller than one CORESET.
Proposal: In CORESET configuration, the QCL configuration/indication should be on a per search space basis (i.e., Alt 2 in the agreement on QCL configuration for PDCCH).
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