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Introduction
A UE performing digital Rx beamforming does not require the information of Tx beam for the reception of DL signal. On the other hand a UE performing analog Rx beamforming needs to be aware the Tx beam in order to set its Rx analog beam. In this case the Tx beam needs to be signaled to the UE in advance, before DL signal arrives at the UE Rx antenna elements.
Signaling of DL Tx beam is through QCL indication, where the UE may assume the same spatial filter between a 1st signal (e.g. CSI-RS) and a 2nd signal (e.g. CSI-RS, PDSCH, PDCCH). When UE receives the 2nd signal, it may use the same Rx beam of the 1st signal for the reception of the 2nd signal. 
In the previous meetings the following agreements were reached. 
Agreement 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
Agreement 2:
· 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 3:
· 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 
Agreements 4:
· 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

In this contribution we present our views on DL beam indication. As DL beam signaling needs to complete before the 2nd DL signal arrives at the UE, a gap is needed between the DL beam indication (when carried by DCI) and the 2nd DL signal (e.g. PDSCH). Impact of the gap and possible solutions are also discussed. 
Discussion
Notation
For the purpose of discussion, the following definitions are introduced.
· BPL tag (a.k.a. tag):  	BPL tag is an index in a “BPL tag table” for DL beam indication. The BPL tag is carried in DCI for PDSCH. As for the table, it is FFS whether the entries are RRC configured, MAC-CE activated/deactivated, or dynamically changed (e.g. based on beam report). 
· Beam indicator (a.k.a. BI): The beam (or set of beams) corresponding to each BPL tag.
· CRI: 		Indicator of CSI-RS resource in beam report. 



Figure 1: Illustration of BPL tag table
Beam indication for PDSCH
Explicit beam indication
Periodic/semi-persistent CSI-RS is configured to UE for P1 procedure. UE selects best N Tx beams based on the measurement. UE report N CRI together with their measurement qualities such as L1-RSRP. The CSI-RS can be configured with one or more Resource setting. By measuring the configured CSI-RS, UE shall be able to know the best Rx beam to receive each CSI-RS resource. That is, the best Rx beam of each CSI-RS resource is kept in the UE’s memory. The best Rx beam can be updated at the UE through P1/P3 procedures but is transparent to gNB. When gNB signals the UE to use the Rx beam of a particular CSI-RS resource, UE should use its latest updated Rx beam for that CSI-RS resource.
Proposal 1: When a CSI-RS is used for QCL assumption, UE uses the latest updated Rx beam of that CSI-RS resource obtained during P-1/P-3 procedure for downlink reception.
Assuming K1 CSI-RS resources are configured for the UE for beam measurement. Based on the long-term beam information, gNB establishes a BPL table between BPL tag and CSI-RS resource (BI), and the actual Tx beam. Each entry in the table can points to one (or multiple) of K2<= K1 CSI-RS resources. The table can point to a total of K2 CSI-RS resources. BI is mapped to a particular CSI-RS resource configured for beam management. Note that the BI is not necessarily mapped to CSI-RS resource recommended by UE. That is, gNB is free to choose any Tx beam according to scheduling decision. BI in the table only refers to CSI-RS resource configured for P1 procedure; otherwise UE may have not established an Rx beam for that Tx beam. An example “BPL tag table” is given in Table I. 
Table I: Exemplary BPL tag table at gNB
	BPL tag
	BI (e.g. CSI-RS resource indicator) 
	Actual Tx beam (Stored at gNB only, transparent to UE)

	00
	BI 0 (e.g. CSI-RS resource 0)
	Tx Beam 0 used on CSI-RS resource 0 
(note: multiple beams on multiple CSI-RS resources are also possible)

	01
	BI 1 (e.g. CSI-RS resource 1)
	Tx Beam 1 used on CSI-RS resource 1


Proposal 2: BI (e.g. CSI-RS resource assumed for QCL, signaled in the BPL tag table) should be restricted within the CSI-RS resources configured for P1 procedure
The “BPL tag table” is indicated to UE via RRC or MAC-CE. Only the mapping between BPL tag and BI is signaled to UE. The actual Tx beam is stored at gNB only, and is transparent to UE. Upon reception of the “BPL tag table”, UE establishes the mapping between BPL tag and actual Rx beam based on stored best Rx beam of each CSI-RS resource. An example of “BPL tag table” at UE side is given in Table II.
Table II: Exemplary BPL tag table at UE
	BPL tag
	BI (e.g. CSI-RS resource indicator)
	Actual Rx beam (Stored at UE only, transparent to gNB)

	00
	BI 0 (e.g. CSI-RS resource 0)
	Rx Beam 0 (Best for CSI-RS resource 0) 

	01
	BI 1 (e.g. CSI-RS resource 1)
	Rx Beam 1 (Best for CSI-RS resource 1)


Proposal 3: “BPL tag table” is signaled to UE via RRC or MAC-CE.
After UE receives a dynamically indicated “BPL tag” in the “BPL tag table” via PDCCH, UE read the “BI (e.g. CSI-RS resource indicator)” to find the Rx beam kept in the UE’s memory. This Rx beam is used for PDSCH reception. 
The beam indication procedure is illustrated in Figure 2.


Figure 2: Illustration of beam indication procedure
Implicit beam indication
Implicit beam indications were raised, where the interpretation of the “BPL tag table” is made dependent on beam report. Whenever a beam report happens, the interpretation of the “BPL tag table” changes.
The following issues are noted with such dependency: 
· Low robustness: There is a risk of misaligned understanding on the “BPL tag” if the beam reported by the UE is erroneously decoded by the gNB. For instance, it may occur that the gNB indicates to use CSI-RS resource 0 for QCL assumption, while UE mistakenly uses CSI-RS resource 2 for QCL assumption, because alignment on the “BPL tag” interpretation is lost due to uplink beam report error. 
· Limited scheduling flexibility: For each triggered measurement, only one preferred Tx beam can be selected and reported, as one BPL tag is unable to label multiple Tx beams. This restricts multi-panel / multi-beam operation. Second, the gNB must use the UE’s preferred Tx beam for later transmission, otherwise, the UE cannot set proper Rx beam. This incurs limitation on network flexibility. 
Hence dependency of ”BPL tag table” on previous beam report  is undesirable due to limited scheduling flexibility, and risk of “BPL tag” misalignment. 
Proposal 4: “Beam indication” is not dependent on measurement and/or reporting of a reference signal.
Beam indication for PDCCH
It has been agreed that NR-PDCCH can be monitored on M beams in different OFDM symbols, or on M beams in simultaneously. QCL assumption for PDCCH can be configured by RRC and MAC-CE signaling:
Agreements:
· Configuration of QCL for UE specific NR-PDCCH is by RRC and MAC-CE signalling
A CORESET for UE-specific PDCCH can be RRC-configured to be QCL-ed with a periodic CSI-RS resource. When UE monitors PDCCH candidate in the CORESET, it sets the Rx beam by using QCL assumption with the configured CSI-RS resource. No dynamic beam indication for UE-specific PDCCH is needed. 
Proposal 5:  Each CORESET for UE-specific PDCCH is RRC-configured to be QCL-ed with a pre-configured periodic CSI-RS resource. 
For common NR-PDCCH and NR-PDSCH, at least in the RRC_IDLE mode they should be QCL-ed with the SS-block. Then for RRC_CONNECTED mode the QCL association can be either with the SS-block or the CSI-RS. Using SS-block can be considered to maintain the commonality between RRC_CONNECTED and IDLE mode. 
Proposal 6: Common NR-PDSCH and NR-PDCCH is QCL-ed with SS-block.
Multi-beam indication
For UE capable of multi-beam reception, it is possible that the BPL tag indicates more than one DL Tx beam (e.g. CSI-RS) simultaneously. A BPL tag entry in the “BPL tag table” maps to more than one DL Tx beams, for instances entries 10 and 11 in Table III. UE uses Rx beam corresponding to each Tx beam for simultaneous reception of PDSCH. 
Table III: Exemplary BPL tag table for multi-beam indication
	BPL tag
	BI (e.g. CSI-RS resource indicator) assumed for PDSCH reception
	Actual Tx beam (Stored at gNB only, transparent to UE)

	00
	BI 0 (e.g. CSI-RS resource 0)
	Tx Beam 0 used on CSI-RS resource 0 


	01
	BI 1 (e.g. CSI-RS resource 1)
	Tx Beam 1 used on CSI-RS resource 1

	10
	BI 0, 1 (e.g. CSI-RS resource 0, 1)
	Tx Beam 0 used on CSI-RS resource 0, Tx Beam 1 used on CSI-RS resource 1

	11
	BI 1, 2 (e.g. CSI-RS resource 1, 2)
	Tx Beam 1 used on CSI-RS resource 1, Tx Beam 2 used on CSI-RS resource 2


Beam indication for CSI-RS
Beam indication is also supported for CSI-RS, based on the following agreement:
Agreement :
· Indication of QCL between the antenna ports of two CSI-RS resources is supported.
· For downlink, NR supports CSI-RS reception with and without beam-related indication,
For P-2, gNB sweeps through a set of alternative Tx beams while fixing the Rx beam. The fixed Rx beam corresponds to a baseline Tx beam. The same beam indication mechanism for PDSCH can be used. In brief, gNB triggers aperiodic CSI-RS for P-2 procedure. In the triggering command, BPL tag is included. UE uses the Rx beam corresponding to the BPL tag (according to the table, e.g., Table II) to receive the CSI-RS resource. This means UE is not expected to update Rx beam during P-2 procedure.
Proposal 7: Beam indication for P-2 uses the same mechanism as for PDSCH.
For P-3, gNB fixes the Tx beam, and orders UE to sweep through a set of candidate Rx beams (selected by UE and transparent to the gNB). From this sense it is unclear if beam indication is needed for P-3 procedure. On the other hand, it may be possible for gNB to signal the fixed Tx beam anyway, which allows the UE to acquire information of the corresponding Rx beam. This Rx beam can be used as a baseline for the UE to determine the set of candidate Rx beam for Rx sweeping. From this perspective, DL beam indication can still be considered in the P-3 procedure. Another usage of beam indication for P-3 is for UE to update Rx beam for the indicated Tx beam. In this case, the same mechanism as PDSCH beam indication can be used. In the triggering command, a BPL tag is included. If UE founds a better Rx beam, it can update the entry corresponding to the indicated BPL tag in the “BPL tag table” stored at UE. After that, the new Rx beam will be used to receive PDSCH if the same BPL tag is indicated for the PDSCH.
If DL beam indication is supported for both P-2/P-3, DCI for P-2/P-3 will have the same payload size. Otherwise if DL beam indication is supported for P-2 but not for P-3, P-2/P-3 will have different DCI payload size. 
Observation: P-3 may or may not need beam indication. Using beam indication for P-3 may have the benefit of maintaining the same DCI payload between P-2 and P-3. 
Proposal 8: The same mechanism as PDSCH can be used for P-3 procedure if beam indication is supported for P-3.
If beam indication is configured for P-3, it should be clarified whether the UE is mandated to perform beam sweeping based on the Rx beam corresponding to the signaled Tx beam, or is allowed to but not mandated to do so. This likely won’t have RAN1 impact but may potentially affect RAN4 performance requirement. 
For CSI acquisition, beam indication is also needed for UE to setup Rx beam for reception of the CSI-RS. Generally, the CSI-RS shall be transmitted with the same analog beam as PDSCH. Therefore, same beam indication mechanism as PDSCH can be used.
Proposal 9: Beam indication for CSI-RS for CSI acquisition uses the same mechanism as for PDSCH.
Gap between PDCCH/PDSCH
Before NR-PDCCH carrying beam indication is successfully decoded, UE cannot adjust its analog RX according to the beam indicated in NR-PDCCH. Hence a gap between NR-PDCCH and NR-PDSCH is needed to accommodate NR-PDCCH decoding latency and analog beam switching latency. This results in throughput loss. 
Depending whether beam indication can be transmitted in every slot or not, there may be different impacts to the system.
· Fast beam indication: 	Beam (QCL) indication may exist in every slot.
One possible solution is cross-slot scheduling where NR-PDCCH and its corresponding NR-PDSCH are in different slots, as shown in Figure 3. The advantage is that the scheduling delay between NR-PDCCH/NR-PDSCH naturally accommodates PDCCH decoding. The disadvantage is increased scheduling delay. Another solution is to divide NR-PDSCH in two parts, part 1 and part 2 as shown in Figure 4. When UE decodes part 1, it uses a default Rx beam (e.g. Rx beam of PDCCH or SS-block). When UE decodes part 2, it uses the Rx beam indicated in NR-PDCCH. 


Figure 3: Cross-slot indication


Figure 4: Segmentation

· Slow beam indication: 	Beam (QCL) indication does not exist in all slots. 
When beam indication does not exist in a slot, UE assumes the Tx beam indicated by the latest beam indication would be used by gNB. The set of slots can be pre-configured by RRC (e.g. using periodicity/offset), or dynamically indicated by another L1 control signaling. An illustration is given in Figure 5. The advantage of this is that it allows the network to control the pace of beam switching. The disadvantage is compromised beam switching flexiblity. 


Figure 5: Beam indication in configured slots
Another possibility is to set a timer for each beam indication, e.g. valid for N slots. The value of N can be pre-configured or fixed in the specification, or even dynamically changes in each DCI. The disadvantage is reduced scheduling flexibility: once a Tx beam is indicated, UE must assume there is no Tx beam change until N slots later. Of course the gNB can always reset the Tx beam before the timer expires by sending a new QCL indication, but that is also problematic because the UE does not know in advance in which slot the gNB would attempt to overwrite the beam and hence would have to reserve a gap in every slot.
Proposal 10:  Fast beam indication, with cross-slot indication or segmentation of NR-PDSCH, is supported.

Conclusions
In this contribution we presented our views on several aspects of DL beam management. Based on our analysis our conclusions and proposals are summarized below.
Proposal 1: When a CSI-RS is used for QCL assumption, UE uses the latest updated Rx beam of that CSI-RS resource obtained during P-1/P-3 procedure for downlink reception.
Proposal 2: BI (e.g. CSI-RS resource assumed for QCL, signaled in the BPL tag table) should be restricted within the CSI-RS resources configured for P1 procedure
Proposal 3: “BPL tag table” is indicated to UE via RRC or MAC-CE.
Proposal 4: “Beam indication” is not dependent on measurement and/or reporting of a reference signal.
Proposal 5: Each CORESET for UE-specific PDCCH is RRC-configured to be QCL-ed with a pre-configured periodic CSI-RS resource.
Proposal 6: Common NR-PDSCH and NR-PDCCH is QCL-ed with SS-block.
Proposal 7: Beam indication for P-2 uses the same mechanism as for PDSCH.
Proposal 8: The same mechanism as PDSCH can be used for P-3 procedure if beam indication is supported for P-3.
Proposal 9: Beam indication for CSI-RS for CSI acquisition uses the same mechanism as for PDSCH.
Proposal 10:  Fast beam indication, with cross-slot indication or segmentation of NR-PDSCH, is supported.
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