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1 Introduction

In 3GPP RAN1 NR Ad hoc meeting in January, the following agreements were achieved:

· 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 3GPP RAN1#88 meeting, the following agreements were achieved:
· Beam failure event occurs when the quality of beam pair link(s) of an associated control channel falls low enough (e.g. comparison with a threshold, time-out of an associated timer). Mechanism to recover from beam failure is triggered when beam failure occurs

· Note: here the beam pair link is used for convenience, and may or may not be used in specification

· FFS: whether quality can additionally include quality of beam pair link(s) associated with NR-PDSCH

· FFS: when multiple Y beam pair links are configured, X (<=Y) out of Y beam pair links falls below certain threshold fulfilling beam failure condition may declare beam failure 

· FFS: search space (UE-specific vs. common) of the associated NR-PDCCH

· FFS: signaling mechanisms for NR-PDCCH in the case of UE is configured to monitor multiple beam pair links for NR-PDCCH

· Exact definition of such threshold is FFS and other conditions for triggering such mechanism are not precluded

· The following signals can be configured for detecting beam failure by UE and for identifying new potential beams by UE

· FFS the signals, e.g., RS for beam management, RS for fine timing/frequency tracking, SS blocks, DM-RS of PDCCH (including group common PDCCH and/or UE specific PDCCH), DMRS for PDSCH

· If beam failure event occurs and there are no new potential beams to the serving cell, FFS whether or not the UE provides an indication to L3. 

· Note: the criterion for declaring radio link failure is for RAN2 to decide.

· FFS: The necessity of such indication

· NR supports configuring resources for sending request for recovery purposes in symbols containing RACH and/or FFS scheduling request or in other indicated symbols

This contribution discusses how to support multi-beam operation for PDCCH, including search space splitting for multi-beam, mapping of multi-beam for PDCCH, QCL between CSI-RS and DMRS. Both the case after RRC connection establishment/re-establishment and the case during initial access are considered. 
2 Multi-beam operation for PDCCH
To handle possible link failure especially from blockage, multiple beams can be used for PDCCH. As agreed in RAN1 NR ad hoc meeting in January, UE can be configured to monitor NR-PDCCH either on M beam pair links simultaneously, or on different beam pair link(s) in different NR-PDCCH OFDM symbols. Time duration of a CORESET can be 1-symbol or more than 1-symbol and PDCCH-CCE-REG mapping can be time-first and frequency-first, thus a PDCCH can be mapped to 1-symbol or across multi-symbols. Therefore, multi-beam operation for NR PDCCH would rely on CORESET configuration, e.g. time duration and PDCCH-CCE-REG mapping rule. More details on CORESET configuration and PDCCH-CCE-REG mapping can be found in companion contributions [1][2]. 
UE will assume same precoder within REG bundle and CCE-to-REG mapping will be based on REG bundle level, regardless of non-interleaved or interleaved mapping. Therefore, REG bundle is the possible minimum operation granularity for multi-beam operation for NR PDCCH.  A slightly coarser operation granularity is CCE level, since 2 or 3 or 6 REGs in time and/or frequency-domain for a given CCE are grouped to form a REG bundle. Furthermore, depending on aggregation level, PDCCH candidate can consist of one or several consecutive logical CCE(s). All available candidates for an aggregation level will form a search space per aggregation level. Therefore, PDCCH candidate or search space per aggregation level can also be possible operation granularity for multi-beam operation for NR PDCCH.  

For multi-beam operation on REG bundle level or CCE level, a finer operation granularity can be achieved. However, a PDCCH candidate will fail to be detected, if it is mapped to multiple CCEs/REG bundles and link failure happens to the beam on one of CCEs/REG bundles underlying the PDCCH candidate.  For multi-beam operation on search space level, the granularity seems to be too coarse, since all candidates will miss detection once the associated beam link fails. Furthermore, available search space will be very limited, e.g. it is possible at most 5 ALs (i.e. 1,2,4,8 and16) would be supported. For mm wave case, up to 64 beams will be available. Therefore, beam specific PDCCH candidate(s) is slightly preferred. In this case one beam can correspond to one PDCCH candidate or several candidates per AL.  

Proposal 1: Beam specific PDCCH candidate(s) per CORESET should be supported for multi-beam operation for PDCCH.

It should be noted, available beam information (such as associated reference signal) and CORESET configuration/PDCCH-CCE-REG mapping are different for UE during initial access stage and after RRC establishment/re-establishment. Therefore, the following will discuss multi-beam operation for NR PDCCH under above two situations, respectively. 
2.1 Multi-beam operation after RRC connection establishment/re-establishment

After RRC connection establishment/re-establishment, UE can receive the CORESET configuration via dedicated RRC signaling. Furthermore, multi-beam related information can be available from RRC signaling or DCI, such as beam associated CSI RS. 

Obviously, information on multi-beam operation for PDCCH can be also involved into the CORESET configuration. Since different beams may result in different channel conditions such as average gain, average delay, delay spread, or Doppler frequency shift due to different beams from different panels/TRPS or different beam direction even at same TRP, joint Quasi-Co-Location (QCL) relation between DMRS for PDCCH and CSI RSs for beams can be predefined or configured to help corresponding PDCCH candidate decoding.  A typical example can be shown in Fig.1.
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Figure 1. QCL between DMRS for PDCCH and CSI RS for multi-beam operation
Based on the above discussion, we have the following proposals 

Proposal 2: For multi-beam operation for PDCCH after RRC connection establishment / re-establishment, QCL assumption between DMRS for PDCCH candidate(s) and CSI RS configuration for specific beam should be configurable at least for UE specific search space.

It should be noted that QCL assumption is not necessary to be configured for each AL within CORESET, due to nested search space [3].   Once QCL assumption configured for candidates of higher AL, the QCL assumption for each candidates of lower ALs can be derived from its nested relationship with the higher AL. An example can be shown in Fig. 2. 
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Figure 2. QCL assumption derived from nested search space 

Based on the above discussion, we have the following proposals 

Proposal 3: QCL assumption can be configured only for PDCCH candidates of the highest aggregation level in an aggregation level group for nested search space structure. QCL assumption for candidates of lower aggregation level can be implicitly derived. 

Except the QCL assumption with respective to parameters for demodulations, such as delay spread and Doppler shift mentioned above, information on receive beams at UE side will facilitate receive beamforming at UE side and hence reliably detecting PDCCH. It has been agreed that a low-overhead indicator should be used to assist UE-side beamforming, e.g., via BPL tag which indicates the spatial QCL assumption between DM-RS port(s) of NR-PDCCH and other DL RS antenna port(s).  

One indicator is enough for single beam NR-PDCCH transmission. To monitor NR PDCCH on multiple beam pair links, multiple indicators will be necessary, e.g., via bitmap indicating maintained beam pair links. From the perspective of trade-off between overhead, latency and reliability, multiple indicators and/or the bitmap can be conveyed by MAC-CE. 
Therefore, we have following proposal: 
Proposal 4: NR supports signaling multiple low-overhead indicators and/or bitmap of maintained beam pair links in MAC-CE to assist UE to monitor multi-beam NR-PDCCH.
2.2 Multi-beam operation during initial access

During initial access stage, PDCCH will be used for scheduling of RMSI, OSI (other system information) and Paging.  It has been agreed that MIB will carry CORESET information on PDCCH for scheduling of RMSI. For OSI (other system information) and paging, one possible way is to share CORESET with PDCCH for RMSI. Other possibility is to be configured via system information and/or RRC signaling. 
It should be noted CSS is intended for all UEs within one cell or a group of UEs. The intended UEs are distributed over different location / region; therefore, multi-beam operation may require same DCI carried on different PDCCH candidate on different beams, which will bring more opportunity for different UE to receive PDCCH. 
To facilitate PDCCH candidate demodulation/decoding at least for common search space, QCL between DMRS for PDCCH and RS for beams should be predefined or configured. As agreed in RAN1#88bis meeting, RAN1 will strive to support combining NR-PBCH, either across SS burst set or within SS burst set. Therefore,  the QCL assumption is better to be predefined or implicitly derived from SS block.  One possible way is that DMRS for PDCCH is QCLed with DMRS of PBCH or SSS in different SS blocks and QCL assumption is implicitly derived from PBCH DMRS sequence.

Based on the discussion, we can have the following proposal
Proposal 5: QCL assumption between DMRS for PDCCH candidate and RS for specific beam should be predefined or implicitly derived from SS block at least for common search space during initial access.
3 Conclusions
In this contribution, we discuss how to support multi-beam support for NR PDCCH.  Based on the discussions, we have the following proposals:
Proposal 1: beam specific PDCCH candidate(s) per CORESET should be supported for multi-beam operation for PDCCH.

Proposal 2: For multi-beam operation for PDCCH after RRC connection establishment / re-establishment, QCL assumption between DMRS for PDCCH candidate(s) and CSI RS configuration for specific beam should be configurable at least for UE specific search space.

Proposal 3: QCL assumption can be configured only for PDCCH candidates of the highest aggregation level in an aggregation level group for nested search space structure. QCL assumption for candidates of lower aggregation level can be implicitly derived. 

Proposal 4: NR supports signalling multiple low-overhead indicators and/or bitmap of maintained beam pair links in MAC-CE to assist UE to monitor multi-beam NR-PDCCH.
Proposal 5: QCL assumption between DMRS for PDCCH candidate and RS for specific beam should be predefined or implicitly derived from SS block at least for common search space during initial access.
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