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Introduction
In this contribution, we summarize our views on various DL beam indication aspects in NR. For reference, in the Annex, we provide previous RAN1 agreements on this topic.
[bookmark: _Ref489630082]Beam management configuration and QCL relations
PDCCH and PDSCH for NR generally have different requirements on their link performances. PDCCH requires high reliability and does not require high data rate. PDSCH should support high data rate and can utilize retransmission mechanism to increase reliability. Thus, configuration of different beams used for PDCCH and PDSCH should be supported (agreed since RAN1#86bis). 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. Different transmission schemes can also be applied to PDCCH and PDSCH. For example, PDCCH can use a single port or a transmission diversity scheme, whereas PDSCH can use multi-layer MIMO or multi-point transmissions, e.g., non-coherent joint transmission (JT). Different transmission schemes may require different set of TRP TX beams.
This suggests that the NR specification be written in a manner that ensures flexible QCL RS support for a diverse set of use-cases. Some important use-cases, elaborated in our companion contributions [1][2] include:
a) The SS Block is configured as the QCL RS signal (QCL RS) for both PDSCH and PDCCH reception
b) SS Block is configured as QCL RS for PDCCH reception, while CSI-RS is configured as QCL RS for PDSCH reception. Where applicable, RRC is used to indicate QCL relation between that SS Block and the CSI-RS resource.
c) The CSI-RS is configured as QCL RS for both PDSCH and PDCCH reception. 
Case a) facilitates a streamlined beam management procedure relying only on SS Block. When comparing the overhead of configuration of UE-specific CSI-RS against SS block, note that the UE is already continuously measuring and detecting SS blocks as part of its RRM procedure. Allowing the UE to report SS block measurements via L1-based SS Block RSRP reporting could potentially save the network overhead in terms of configuring UE-specific CSI-RS for beam tracking. Readers are referred to [3] [4] for the benefits of SS block based beam management.
Case b) refers to the use case in which the PDCCH reception relies on a coarse TX beam via SS block. PDSCH reception could rely on either P/SP CSI-RS or an AP CSI-RS. Indication of QCL relation between SS Block and CSI-RS assists the UE in determining whether or not it can reuse its spatial RX filter, determined via SS Block reception during initial access, for receiving PDSCH. 
Case c) facilitates a CSI-RS based QCL RS for both PDCCH and PDSCH reception. The QCL RS for PDCCH could be based, for example, on P/SP CSI-RS. The QCL RS for PDSCH could correspond to either P/SP CSI-RS or AP-CSI-RS. AP CSI-RS provides an on-demand mechanism for the network to dynamically configure QCL association and transmit PDSCH by spatial multiplexing over multiple refined beams.
Observation 1: The beam management framework in NR should be designed in a manner that allows for flexible configuration and indication of QCL relation between different RS resources.
On Beam-pair link definition and specification impact
There have been several attempts to provide a concrete definition to the term “beam-pair link”, see e.g. [5] where a BPL has been defined as “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”. While BPL is a useful concept which has been used extensively in the beam management discussion, it is not yet clear if an official definition needs to be provided for the NR specification or the extent of its specification impact.
As beam management progresses from P1 to P3, the BPL as understood at the gNB or at the UE is updated as illustrated in Figure 1. A potential specification impact of the BPL concept is the explicit signalling of a refined TX/RX beam to receive a DL channel. From the beam indication perspective, it would be sufficient for the DL RS for beam management to be configured as a QCL RS candidate. The gNB or the UE can be expected to use the appropriate TX/RX beam for receiving a PDCCH or a PDSCH. For example, when receiving a PDCCH/PDSCH with QCL RS of P1/P2 CSI-RS, the UE is expected to use RX beam 1, and when receiving a PDCCH/PDSCH indicated with QCL RS of P3 CSI-RS, the UE is expected to use RX beam 2. The need for the network to explicitly indicate an RX beam for the UE is not clear.  
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[bookmark: _Ref485218696]Figure 1: BPL updates at gNB and at UE through P1-P3 beam management procedure
Observation 2: From beam indication perspective, it would be sufficient for the DL RS for beam management to be configured as a QCL RS candidate which is implicitly/explicitly linked to a BPL on that physical channel. The need for the network to explicitly indicate an RX beam for the UE is not clear.
Beam Indication Mechanisms
In the 3GPP NR AH2 meeting, one topic which was left for further study was to identify the “relation (if any) between a measurement and/or reporting on a reference signal and a subsequent beam indication for beam management purposes”. In general, the beam indication schemes should be based on an unambiguous reference, both from the perspective of the gNB transmitter and UE receiver. 
At a high level, beam indication scheme can be classified into either those based on tagging a BPL either a different gNB transmission beam or with a different UE receive beam. Based on our understanding, some of the candidate beam indication mechanism are listed below:
Scheme 1 (Explicit index to a transmission beam): A BPL index is dynamically indicated in a DL assignment and/or P2/P3 sweep when triggering measurement and reporting on a set of CSI-RS resources. The BPL index is explicitly linked to QCL RS (SS Block/CSI-RS) resource. The index unambiguously conveys to the UE which RX spatial RX filtering configuration to use, based on past UE measurements made on that QCL RS. 
Scheme 2 (Measurement Indicator based, proposed in [9]): A “Measurement Indicator” (MI) is dynamically indicated to the UE in the DCI conveying DL assignment and/or P2/P3 sweep when triggering measurement and reporting on a set of CSI-RS resources. The MI serves as a simultaneous reference to a particular TX spatial filter (from gNB perspective) and a receive spatial filter configuration (from UE perspective). Both gNB and UE apply their respective TX and RX spatial filter configuration based on the most recent measurement report for the same MI value.
Scheme 3 (UE-beam, proposed in [10]): The beam indication for PDSCH and PDCCH is performed by indicating a “tag” to the UE. The tag serves as a proxy for the RX spatial filter configuration it should use for receiving the corresponding transmission.
Schemes 1 and 2 belong to the class of schemes which tag each BPL index with a different gNB transmission beam, whereas Scheme 3 belongs to a class of schemes which tag each BPL index with a different UE receive beam. A detailed discussion of the pros-and-cons of the different schemes is out of scope of this contribution; the reader is referred to a companion contribution [6]. Based on our analysis of the suitability of different schemes to the various use-cases discussed in [1][2], in our view, Scheme 1 appears to provide the best balance between flexibility and signalling overhead.
Proposal 1: Support BPL tagging to a corresponding gNB transmission beam using Scheme 1. 
The following sections provide further details of the DL beam management procedures in NR.
DL beam management for NR
When considering the beam management procedure for UE-common (or UE-group common) PDCCH or PDSCH, it should be taken into account that such downlink channels need to be received by the UE during the initial access procedure, as well as during idle mode. As such, a beam management procedure that does not require active management by the network based on UE feedback is required. The network may need to transmit UE-common PDCCHs and PDSCHs on all its TX beams in the same way as NR synchronization signals and NR-PBCH. It follows that the RS as the QCL RS (including spatial QCL) by the UE should be based on the SS block. 
Observation 3: SS block is the QCL RS for receiving UE-common (or UE-group common) PDCCH/PDSCH.
For UE-specific PDCCH and PDSCH, it would be beneficial for the UE to indicate to the network, its measurement of the best TX beam to receive the PDCCH and PDSCH, as such UE feedback would allow the network to provide better link quality and also to support MU-MIMO transmissions. L1 beam measurement and reporting based on UE-specific CSI-RS can enable more refined beams to be used which can either increase the spectral efficiency or the range of the downlink channels. Nevertheless, it should also be possible for the network to transmit UE-specific PDCCHs/PDSCHs on the same beam(s) as those used for UE-common PDCCHs, i.e. SS block can also be configured to be the QCL RS for receiving UE-specific PDCCH and PDSCH. For the unicast PDSCH, to be able to use the SS block as the QCL RS is useful for supporting a ‘fall back’ unicast PDSCH that is more robust and is analogous to the PDSCH corresponding to DCI format 1A of LTE. To facilitate this, providing hooks within the specification to support SS block based L1 beam measurement and reporting is beneficial.
Proposal 2: SS block or CSI-RS can be configured (implicitly/explicitly) as the QCL RS for receiving UE-specific PDCCH (as part of a CORESET configuration) and UE-specific PDSCH. 
Proposal 3: Support L1-RSRP measurement and reporting based on SS block in addition to CSI-RS.
BPL Establishment and Maintenance
Prior to RRC connection setup, the SS block (associated with PRACH resource for MSG1 transmission during initial access) is used as serving beam for PDSCH/PDCCH reception. Following RRC connection setup, the UE is configured with a set of resource sets, resources (e.g. SS blocks, P/SP CSI-RS and AP CSI-RS) which are candidate QCL references for the UE. The configuration could additionally specify the spatial QCL relation, at least between SS block and P/SP CSI-RS, which may be useful for initiating P1/P2 procedure following RRC connection setup completion. 
Once the UE enters CONNECTED mode, the UE may assume a default PDCCH/PDSCH BPL is established with the QCL RS corresponding to the serving SS block and/or QCL-ed CSI-RS. Additional BPLs can be established by the network based on the pending queue sizes, UE measurement reports and the reception capabilities of that UE. For example, if the UE reports a new candidate beam via measuring P/SP CSI-RS, the network could add a BPL associated with that P/SP CSI-RS as QCL RS. And if the UE detects than the signal strength of an existing QCL RS has deteriorated (due to change in radio environment), the network could update the QCL RS for that BPL to a different candidate beam based on the UE’s previous beam group reports. The UE is aware of which RX spatial filter configuration is used to receive the new candidate beam by looking up the previous filtering configuration it used to generate the most recent beam group report containing the new candidate beam.
MAC-CE based BPL establishment and maintenance provides a good balance between low latency and signalling reliability at least for the case when the QCL RS corresponds to SS Block and CSI-RS P/SP CSI-RS. MAC-CE based BPL establishment and maintenance provides a good balance between low latency and signalling reliability at least for the case when the QCL RS corresponds to SS Block and CSI-RS P/SP CSI-RS. As an example, when the UE measurement reports indicate that a candidate resource RS2 (e.g. P CSI-RS) is stronger than the current QCL RS (RS1 e.g. SS block), MAC-CE signalling indicates to the UE that that BPL index is now linked to QCL RS (RS2). Whenever the gNB subsequently indicates that BPL index, the UE retrieves its RX spatial filtering configuration corresponding to RS2 for PDSCH/PDCCH reception on that BPL.
To employ refined beams, the gNB could trigger beam refinement procedures via P2/P3 on an “on-demand” resource such as AP CSI-RS. The linkage of a BPL to an AP CSI-RS based QCL RS can be signalled either via the MAC-CE used to activate that AP CSI-RS (agreed in RAN1 #88bis) or via the scheduling DCI for triggering P2/P3 beam sweep on that AP CSI-RS resource. Following P2/P3 beam sweep via AP CSI-RS on a given BPL index, when the UE receives a subsequent DL assignment on that BPL index, the UE may use that AP CSI-RS as QCL RS for receiving its PDSCH.
To summarize, the above described procedures cover several important use-cases [2]:
· SS block is used as QCL RS for both PDSCH and PDCCH
· SS block beam is used as QCL RS for PDCCH; P/SP CSI-RS (QCL-ed with that SS Block) is used as QCL RS for PDSCH
· P/SP CSI-RS is used as QCL RS for PDCCH; AP CSI-RS (QCL-ed with P/SP CSI-RS) is used as QCL RS for PDSCH
It has been agreed (in RAN1 #88bis) that as part of beam failure recovery, at least P CSI-RS and potentially SS Block will be used as beam failure detection RS and candidate beam identification RS; this provides additional motivation for the above mentioned CSI-RS/SS Block based beam management use cases. Based on the above discussions, we have the following proposals.
Proposal 4: Following RRC connection setup, the UE assumes a default PDSCH/PDCCH BPL is implicitly established with QCL RS corresponding to the ‘serving SS block’ and/or the QCL-ed CSI-RS.
Proposal 5: In CONNECTED mode, for reception of PDSCH and PDCCH, the addition of BPL and the update of BPL to QCL linkage is network controlled and explicitly indicated.
Our proposed overall beam indication (QCL RS) procedure is illustrated in Figure 2. Readers are referred to [2][3] for detailed discussions on beam measurement and reporting. Readers are referred to [1][2][7] for more discussions on beam management configuration and reporting framework.
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[bookmark: _Ref485213244]Figure 2: NR beam indication framework
The following sections provide further details into the beam indication signalling mechanisms for PDSCH and PDCCH respectively.
Beam indication for PDSCH
It is desirable for the network to support dynamic PDSCH beam management needs in order to enable transmission schemes, such as the dynamic point selection for CoMP. DCI signalling for QCL indication for PDSCH has already been agreed for NR. In our proposed beam indication framework, the DCI would contain a BPL indication field (2-3 bits) which points to an activated QCL RS. Upon receipt of the DCI, the UE would perform a table lookup to determine which QCL RS should be employed on that PDSCH BPL. Based on UE measurement reporting, the network could determine that an existing PDSCH BPL could be better served on a different QCL RS. We propose MAC-CE signalling for purposes of a) modifying the linkage between the BPL index and the corresponding QCL RS and b) dynamic indication of QCL relation across RS. 
Proposal 6: A combination of MAC-CE and DCI signalling is used for explicit beam indication for PDSCH 
· MAC-CE signalling is used for activating/updating a BPL index with a QCL RS corresponding to either SS Block or P/SP CSI-RS resource.
· DCI signalling is used to associate a BPL index with a QCL RS corresponding to an AP CSI-RS resource.
· DCI signalling indicates the beam for the corresponding DL assignment through a BPL index field.
· FFS: beam indication field size (2 bits or > 2 bits)
Impact of DCI decoding latency and RX analog beam switching latency
A UE employing analog beamforming should know the RX beam direction before the starting PDSCH OFDM symbol. In case of same slot PDSCH scheduling, the UE determines its receive spatial beam by reading the beam indication field in the scheduling DCI. However, due to DCI decoding latency and UE RX analog beam switching latency, potentially a UE may not be able to start buffering potential PDSCH in time. We believe that while this issue requires further analysis, it can be discussed in parallel with the beam management solutions identified above. The reader is referred to [11] for a detailed discussion and possible solutions to address this issue. 
Beam indication for PDCCH
Unlike PDSCH, beam management for PDCCH is expected to be less dynamic since as discussed in Section 2, the use-cases, data rates and reliability requirements for PDSCH and PDCCH are significantly different. It has been agreed in RAN1#89 that the RRC and MAC CE signalling is supported for QCL indication for UE-specific NR PDCCH, with FFS on the necessity of DCI signalling. 
RRC configuration provides the UE with a set of potential QCL RSs. Either DCI or MAC-CE signalling could be used for adapting the PDCCH QCL RS as a function of the UE measurement reports. DCI signalling of the QCL RS for PDCCH is less justified, considering that the main use-case for PDCCH transmission will involve the network maintaining a relatively stable set of transmission beams and dynamic transmission beam-switching (e.g. DPS) will not be a typical use-case for PDCCH. 
In our view therefore, MAC CE signalling could be used instead to indicate the linkage between the CORESET and the PDCCH BPL, while providing a good balance between reliability and latency. Considering the additional specification effort as well as the relative lack of need to change QCL RS for PDCCH on a slot-by-slot basis, we propose not to support L1 signalling of BPL for PDCCH unless a compelling need for it is justified. 
Proposal 7: MAC-CE signalling is used to update the QCL RS used to receive PDCCH on a given CORESET. DCI signalling for QCL indication for PDCCH is not supported.
Summary of Beam Indication Proposals
Below tables provide a conceptual summary of the various beam indication mechanisms proposed in this contribution.

	Signaling Mechanism
	PDCCH Beam Indication
	PDSCH Beam Indication

	RRC
	1. Configure resource settings, resource sets, RS type and time-domain behaviour 
2. Configure QCL relation across RS (e.g. indicate QCL between SS Block index i and  CRI j on P/SP CSI-RS)

	RRC
	Configure each CORESET with the associated identifier to a QCL RS (c.f. Table Y)
	

	MAC-CE
	Update the identifier of the QCL RS (c.f. Table Y) associated with a given CORESET
(Note: In case of single PDCCH BPL, the BPL is implicitly established using serving SS Block and/or QCL-ed CSI-RS).
	1. Configure QCL RS type (either SS block or CSI-RS) and index BPL linked to QCL RSs (c.f. Table X) 
2. Update QCL RS type and /or QCL RS associated to PDSCH BPL (c.f. Table X) (Note: In case of single PDSCH BPL, the BPL is implicitly configured using serving SS Block and/or QCL-ed CSI-RS).

	DCI
	Not supported
	1. Indicate BPL index for DL assignment
2. Indicate BPL index for AP CSI-RS triggered P2/P3 beam sweep



Table X
	(BPL) Index to be 
indicated in the DCI
	QCL RS identifier
	QCL RS type

	0
	Identifier (CRI or SS block index)
	SS block or CSI-RS

	1
	Identifier (CRI or SS block index)
	

	2
	Identifier (CRI or SS block index)
	

	3
	Identifier (CRI or SS block index)
	



Table Y
	CORESET configuration = {
 …. 
 QCL RS identifier = (CRI, resource setting index) or SS block index
}



Conclusions
In this contribution, we discussed DL beam management details. Our observations and the corresponding proposals are given below.
Observation 1: The beam management framework in NR should be designed in a manner that allows for flexible configuration and indication of QCL relation between different RS resources.
Observation 2: From beam indication perspective, it would be sufficient for the DL RS for beam management to be configured as a QCL RS candidate which is implicitly/explicitly linked to a BPL on that physical channel. The need for the network to explicitly indicate an RX beam for the UE is not clear.
Proposal 1: Support BPL tagging to a corresponding gNB transmission beam using Scheme 1. 
Proposal 2: SS block or CSI-RS can be configured (implicitly/explicitly) as the QCL RS for receiving UE-specific PDCCH (as part of a CORESET configuration) and UE-specific PDSCH. 
Proposal 3: Support L1-RSRP measurement and reporting based on SS block in addition to CSI-RS.
Proposal 4: Following RRC connection setup, the UE assumes a default PDSCH/PDCCH BPL is implicitly established with QCL RS corresponding to the ‘serving SS block’ and/or the QCL-ed CSI-RS.
Proposal 5: In CONNECTED mode, for reception of PDSCH and PDCCH, the addition of BPL and the update of BPL to QCL linkage is network controlled and explicitly indicated.
Proposal 6: A combination of MAC-CE and DCI signalling is used for explicit beam indication for PDSCH 
· MAC-CE signalling is used for activating/updating a BPL index with a QCL RS corresponding to either SS Block or P/SP CSI-RS resource.
· DCI signalling is used to associate a BPL index with a QCL RS corresponding to an AP CSI-RS resource.
· DCI signalling indicates the beam for the corresponding DL assignment through a BPL index field.
· FFS: beam indication field size (2 bits or > 2 bits)
Proposal 7: MAC-CE signalling is used to update the QCL RS used to receive PDCCH on a given CORESET. DCI signalling for QCL indication for PDCCH is not supported.
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Annex
Agreement (RAN1 NR AH1):
· 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 signalling or MAC CE and/or considered in the search space design
· FFS: Required parameters
· FFS: Need to support both higher layer signalling and MAC CE

Agreement (RAN1 NR AH1):
· Indication of QCL between the antenna ports of two CSI-RS resources is supported.
· By default, no QCL should be assumed between antenna ports of two CSI-RS resources.
· Partial	QCL parameters (e.g., only spatial QCL parameter at UE side) should be considered. 
· For downlink, NR supports CSI-RS reception with and without beam-related indication,
· When beam-related indication is provided, information pertaining to UE-side beamforming/receiving procedure used for CSI-RS-based measurement can be indicated through QCL to UE
· QCL information includes spatial parameter(s) for UE side reception of CSI-RS ports 
· FFS: information other than QCL


Agreement (RAN1 #88):
· For reception of unicast DL data channel, support indication of spatial QCL assumption between DL RS antenna port(s) and DMRS antenna port(s) of DL data channel: Information indicating the RS antenna port(s) is indicated via DCI (downlink grants)
· The information indicates the RS antenna port(s) which is QCL-ed with DMRS antenna port(s) 
· FFS: Indication details
· E.g. explicit indication of RS port/resource ID, or implicitly derived 
· FFS when the indication is applied (e.g., the indication is assumed only for the scheduled PDSCH or until next indication; when the above information is included, if there should be a scheduling/beam switch offset, etc.)
· FFS: Beam indication for receiving fall back unicast PDSCH (if supported)
· Note: related signalling is UE-specific
· FFS: Beam indication (if needed) for receiving (UE-group) common PDSCH for RRC connected UE
· Candidate signalling methods for beam indication for a PDCCH (i.e. configuration method to monitor PDCCH)
· MAC CE signalling
· RRC signalling
· DCI signalling
· Spec-transparent and/or implicit method
· Combination of the above

Agreement (RAN1 #88bis):
Based on at least the supported number S of CSI-RS resource sets and number of CSI-RS resources Ks per resource set, agree to specify one or both of these options for aperiodic CSI-RS
· Option 1: use RRC + MAC CE + DCI 
· Option 2: use RRC + DCI 

Agreement (RAN1 #88bis):
· RAN 1 should support common configuration framework for beam management and CSI acquisition
· Aspects specifically related to beam management into the merged framework to be incorporated
· Note: maximum number of simultaneously triggered report settings and the maximum number of links corresponding to those triggered settings can be different for reporting types (e.g. beam reporting, CSI reporting)

Agreement (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 signalling
· Note: For example, DL RS QCLed with DMRS of PDCCH for delay spread, Doppler spread, Doppler shift, and average delay parameters, spatial parameters

Agreement (RAN1 #89):
· Cell-specifically configured CSI-RS is not supported for beam management

Agreement (RAN1 #AH2):
· RAN1 to study the relation (if any) between a measurement and/or reporting on a reference signal and a subsequent beam indication for beam management purposes
· Study the indicator(s) used for PDCCH and PDSCH 
· Study whether there is a relationship between the indicator types e.g. same type of indicator or different types
· Study L1-RSRP reporting of multiple beams considering
· Differential L1-RSRP for multiple beams
· Reference RSRP for L1-RSRP differential report,e.g., predefined or configurable
· Bit-width of reporting, 
· Number of groups/beams per group 
· UCI design of the beam reporting, 
· FFS: Other issues
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