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1 Introduction
This contribution outlines Samsung’s views on beam management for PDCCH. A comprehensive summary of beam indication proposals for PDSCH and PDCCH can be found in [7]. For reference, in the Annex, we provide previous RAN1 agreements [1] on this topic.
2 Background
The 3GPP NR standard is being designed to allow for both sub-6 GHz and over-6 GHz operation. Particularly for the over 6 GHz operation, due to the significant path loss and penetration losses, NR will utilize beamformed operation to provide sufficient link budget to enable reliable control channel and data channel reception. To provide sufficient operational flexibility, NR supports using the same or different beams on control channel and the corresponding data channel transmissions. For example, the beams used for PDCCH can have wider beam width (compared to that for PDSCH) so that the beams are robust with respect to UE mobility and signal blockage. For PDSCH, narrower beams can be used to deliver high beamforming gain so that higher data rate can be supported. Shown in Figure 1, for example, a UE may receive PDSCH and PDCCH, sent by a single TRP, utilizing different receive beams (A) for data and control reception. On the other hand, it is also possible that that the UE could receive control from a single TRP, yet, for improved data rate and reliability, form multiple beams (multi-layer MIMO or multi-point transmissions) for receiving its data from multiple TRPs controlled by a single gNB.
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Figure 1: Use-cases for PDSCH and PDCCH, (A) denotes single TRP operation and (B) denotes multi-TRP operation

Unlike data, since control reception does not utilize any H-ARQ, it is desirable that PDCCH transmission provides robustness against blocking; as agreed in prior RAN1 discussions, as shown in Figure 2, a capable UE may simultaneously monitor M >= 1 beam pair links (BPLs) for receiving its control information. A BPL can be defined by “a UE or gNB measurement (e.g. RSRP/CSI) on a reference signal (e.g. CSI-RS, SS, SRS) transmitted/received according to a TX/RX spatial filtering configuration”. 
Due to analog beamforming constraints, certain UEs will need to be configured to receive different BPLs on different PDCCH OFDM symbols. As explained above, the BPLs for PDCCH reception may or may not be identical to the BPLs for PDSCH reception. At least for connected mode operation, the PDCCH BPL is configured by indication of a spatial QCL assumption between a reference DL RS antenna port (s) [e.g. UE-specific CSI-RS] and DL RS antenna port (s) for PDCCH demodulation. The reference DL RS antenna port (s) could correspond to an SS block and/or UE-specific CSI-RS.
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Figure 2: PDCCH reception on multiple beam pair links

3 PDCCH Beam Management
This section overviews our proposed beam management procedures for PDCCH.
3.1  Cell Common PDCCH
Following synchronization and cell search, an NR idle mode UE attempts to receive Remaining Minimum System Information (RMSI), which provides it with radio access parameters for the subsequent steps (including RACH procedures, paging reception, Other System Information (OSI) acquisition) as part of transitioning to connected mode RRC state.  During initial access, the network has not had prior opportunities to configure the UE’s PDCCH beam pair links. From the network perspective, we expect that beam sweeping multi-beam transmission is employed for broadcast signalling messages. From a UE perspective, it is reasonable to define the UE to assume that the PDCCH for broadcast signalling messages is spatially QCL-ed with the spatial parameters employed during SS block reception [2][3][4][5].
The discussion above suggests that a default PDCCH BPL is implicitly established and maintained at the UE (regardless of UE state), based on SS Block RSRP measurements. This BPL could potentially provide a fall-back mechanism for scheduling at the network in case the UE experiences beam failure on a different BPL. Because of mobility, shown in Figure 3, the UE’s default PDCCH BPL may vary as a function of time; this is unambiguously available at the network via measurement. Our preference is that the specification provide sufficient hooks for SS Block RSRP reporting both long-term averaging (via L3 reporting) and short term averaging (via L1/L2 reporting).
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Figure 3: Default BPL based on spatial QCL with SS Block
Proposal 1:  For reception of RMSI, RAR and paging scheduling messages, the UE assumes that the RS for PDCCH demodulation is spatially QCL-ed with an SS block determined during initial synchronization. 

Proposal 2: A default PDCCH BPL, based on spatial QCL linkage to SS Block, is implicitly established and maintained at the UE, and reported to the network via L1/L2 and/or L3 SS Block RSRP measurements.
3.2 Group-Common and UE-specific PDCCH
In connected mode, for group common/UE-specific PDCCH scheduling, in addition to the default PDCCH BPL, additional BPL (s) may be established based on spatial QCL relations with UE-specific CSI-RS.  UE-specific CSI-RS beam management requires active management by network – for example, via P-1, P-2 – to ensure that the corresponding BPL is able to track rapid changes in UE orientation/mobility. 
On the other hand, since a single GC-PDCCH simultaneously serves multiple UEs, the network could employ a broader beam (or an aggregated beam), via the default BPL, to provide robustness against signal blockage. See [6][7] for detailed discussion on this topic. 
This suggests that depending on the use-case, a configurable RS for BPL establishment/maintenance provides the network sufficient flexibility and robustness, which is especially important for reliable control channel reception. 

Proposal 3: For GC-Common and UE-specific PDCCH reception, BPL indication for PDCCH beam management is provided based on QCL linkage to a configurable RS type (either SS block or P/SP CSI-RS).
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Figure 4:  (A): SS-Block based beam for GC-PDCCH transmission, (B) UE-specific CSI-RS based beam for UE-Specific PDCCH transmission
3.3 PDCCH BPL Configuration
Operationally, as agreed in RAN1 88, for beam management, the network configures the UE (via RRC), M>= 1 resource setting with each resource setting consisting of the following:

· RS Type (NZP CSI RS at least)
· One or more resource sets where each set consists of K>=1 RS resources

· Time domain behaviour (Periodic/Semi-Persistent/Aperiodic)

To minimize overhead while referring to a previously transmitted RS, the beam management configuration should tag each RS resource within a resource set for a given resource setting (corresponding to a certain transmit beam direction) with a unique tx beam identifier. The network also configures the UE with N>=1 reporting settings, where each setting provides the tx beam identifier, L1 measurement reporting type (whether L1-RSRP/CSI/both), reporting periodicity etc.  At the appropriate time instances, if an RS resource is activated, the UE feedbacks its L1 measurement measured for a given rx beam set (tagged by an rx beam identifier) and one or more tx beam identifier (s) corresponding to that rx beam set.
MAC-CE signalling is used to indicate to the UE, the tx beam identifier of the RS used as the spatial QCL Reference, while decoding for its PDCCH within a given CORESET. Based on past receptions on the spatial QCL reference resource, the UE has the information to determine what receive spatial filter configuration it has to apply while receiving that CORESET. 
A given UE may be configured with one or more CORESETs for receiving its PDCCH. An open topic is whether one CORESET can be associated with one or more BPLs [e.g. via beam-specific UE search spaces] or whether there is a 1-1 linkage between a CORESET and the corresponding BPL. Our companion contribution [6] discusses this aspect. 

Proposal 4: MAC-CE signalling is used to indicate to the UE, the identifier of the spatial QCL reference signal associated with its PDCCH within a given CORESET. This also implicitly creates a PDCCH BPL on that CORESET.
4 Conclusion
Proposal 1:  For reception of RMSI, RAR and paging scheduling messages, the UE assumes that the RS for PDCCH demodulation is spatially QCL-ed with SS block determined during initial synchronization. 

Proposal 2: A default PDCCH BPL, based on spatial QCL linkage to SS Block, is implicitly established and maintained at the UE, and reported to the network via L1/L2 and/or L3 SS Block RSRP measurements.
Proposal 3: For GC-Common and UE-specific PDCCH reception, BPL indication for PDCCH beam management is provided based on QCL linkage to a configurable RS type (either SS block or P/SP CSI-RS).
Proposal 4: MAC-CE signalling is used to indicate to the UE, the identifier of the spatial QCL reference signal associated with its PDCCH within a given CORESET. This also implicitly creates a PDCCH BPL on that CORESET.
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Annex
Agreements (RAN1 NR Ad-Hoc):
· PDCCH transmission supports robustness against beam pair link blocking

· UE can be configured to monitor 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 PDCCH reception
· UE can be configured to monitor PDCCH on different beam pair link(s) in different PDCCH OFDM symbols

· FFS: 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 PDCCH on beam pair link(s).

· Parameters related to UE Rx beam setting for monitoring 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
Agreements (RAN1 #88):

· A UE can be configured with the following high layer parameters for beam management:

· N≥1 reporting settings, M≥1 resource settings

· The links between reporting settings and resource settings are configured in the agreed CSI measurement setting

· CSI-RS based P-1 & P-2 are supported with resource and reporting settings

· P-3 can be supported with or without reporting setting  

· A reporting setting at least including

· Information indicating selected beam(s)

·  L1 measurement reporting

· FFS details (e.g., based on RSRP or CSI, etc.)

· Time-domain behavior: e.g. aperiodic, periodic, semi-persistent

· Frequency-granularity if multiple frequency granularities are supported

· A resource setting at least including

· Time-domain behavior: e.g. aperiodic, periodic, semi-persistent

· RS type: NZP CSI-RS at least

· At least one CSI-RS resource set, with each CSI-RS resource set having K≥1 CSI-RS resources

· FFS whether or not support >1 CSI-RS resource set per resource setting

· Some parameters of K CSI-RS resources can be the same, e.g. port number, time-domain behavior, density and periodicity if any

· Further discussion whether or not the mechanism for CSI acquisition framework can be applicable

· NR supports the following beam reporting considering L groups where L>=1 and each group refers to a Rx beam set (Alt1) or a UE antenna group (Alt2) depending on which alternative is adopted. 

· For each group l, UE reports at least the following information:

· Information indicating group at least for some cases

· FFS: condition(s) to omit this parameter e.g. when L=1 or Nl=1

· Measurement quantities for Nl beam (s)

· Support L1 RSRP and CSI report (when CSI-RS is for CSI acquisition)

· FFS: the details of RSRP/CSI derivation and content

· FFS: Other reporting contents, e.g., RSRQ  

· FFS: Configurability between L1 RSRP and CSI report

· FFS: whether or not to support differential L1 RSRP feedback

· FFS: How to select Nl beam(s) e.g max Nl beams in terms of received power being above a certain threshold or in terms of correlation less than a certain threshold
· Information indicating Nl DL Tx beam(s) when applicable

· FFS: the details on this information, e.g., CSI-RS resource IDs, antenna port index, a combination of antenna port index and a time index, sequence index, beam selection rules for assisting rank selection for MIMO tx, etc.

· This group based beam reporting is configurable per UE basis.

· This group based beam reporting can be turned off per UE basis e.g. when L=1 or Nl=1

· NOTE: No group identifier is reported when it is turned off 

· FFS: how L is determined. e.g. by network configuration or UE selection or UE capability e.g. how many beams can be received simultaneously

· FFS: how is configured using the CSI framework to support multi-panel or multi-TRP transmission

Agreements (RAN1 #89):
· Support spatial QCL assumption between antenna port(s) within a CSI-RS resource(s) and antenna port of an SS Block (or SS block time index) of a cell 

· The other QCL parameters not precluded 

· FFS: indication either explicit or implicit or  configurable or a default
· Note: default assumption may be no QCL
· Configuration of QCL for UE specific PDCCH is by RRC and MAC-CE signalling
· Note that MAC-CE is not always needed
· FFS: necessity of DCI signaling
· Note: For example, DL RS QCLed with DMRS of PDCCH for delay spread, Doppler spread, Doppler shift, and average delay parameters, spatial parameters
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