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Introduction
In RAN #98-e meeting [1], the revised WID for Rel-18 NR sidelink evolution was approved [2]. In this revision, it was agreed to start the study of NR sidelink beam management on FR2 licensed spectrum as shown below. This study is limited to the support of NR sidelink beam management for unicast communication by reusing existing sidelink CSI framework and reusing Uu beam management concepts wherever possible. 
	3. [bookmark: _Hlk89917254]Study enhanced sidelink operation on FR2 licensed spectrum [RAN1, RAN2]
· [bookmark: _Hlk89917271]Focus only on updating the evaluation methodology for commercial deployment scenario in 4Q 2022. [RAN1]
· [bookmark: _Hlk89917283]Study is limited to the support of sidelink beam management (including initial beam-pairing, beam maintenance, and beam failure recovery, etc) by reusing existing sidelink CSI framework and reusing Uu beam management concepts wherever possible. [RAN1, RAN2]
· [bookmark: _Hlk89917309]Beam management in FR2 licensed spectrum considers sidelink unicast communication only.



In the RAN1 #112 meeting [3], the following agreements were made.
	Agreement
For sidelink beam management, RAN1 is to study
· how transmit beam(s) training and/or receive beam(s) training is performed
· whether and how spatial related information (e.g., TCI, QCL, beam ID, etc) information could be identified
· the relationship between PC5 unicast link establishment and sidelink initial beam pairing (e.g., whether initial beam pairing procedure starts before, during or after sidelink unicast link establishment procedure.)

Agreement
RAN1 is to study sidelink beam measurement and reporting schemes (e.g., periodicity, contents, container, timing, procedure, etc.) for sidelink beam maintenance.

Agreement
RAN1 is to study sidelink beam indication and switching schemes (e.g., framework, general procedure, contents, signaling, timing, etc.) for sidelink beam maintenance.

Agreement
RAN1 is to study the information related to a sidelink beam failure instance that the PHY layer provides to the MAC layer.



In this contribution, we provide our views on NR sidelink beam management on FR2 licensed spectrum.
Discussion on Sidelink Communication in FR2 Bands
In this section, we discuss aspects related to NR sidelink beam management in FR2 bands, which includes sidelink beam initial beam pairing, beam maintenance, and beam failure recovery, as shown in Figure 1.
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[bookmark: _Ref127254633]Figure 1. Sidelink beam management: a) initial beam pairing, b) beam maintenance, and c) beam failure recovery.
[bookmark: _Ref131429328]General Concept and Procedure of Sidelink Beam Management
In the RAN1 #112 meeting [3], the following agreement was reached for general concept and procedure of sidelink beam management.
	Agreement
For sidelink beam management, RAN1 is to study
· how transmit beam(s) training and/or receive beam(s) training is performed
· whether and how spatial related information (e.g., TCI, QCL, beam ID, etc) information could be identified
· the relationship between PC5 unicast link establishment and sidelink initial beam pairing (e.g., whether initial beam pairing procedure starts before, during or after sidelink unicast link establishment procedure.)



Regarding the spatial related information (e.g., TCI, QCL, beam ID, etc.), one open question is the relationship of Tx beams (TCI/QCL relationship) between the PSCCH and corresponding PSSCH in a slot. In Rel-16/17 NR sidelink packet structures, PSCCH and the corresponding PSSCH are multiplexed in FDM+TDM manner in the same slot. So, there is not enough time for Rx UE to switch Rx beams between the PSCCH reception and corresponding PSSCH reception. Therefore, if we reuse the Rel-16/17 NR sidelink packet structures, the same Tx beam needs to be used for transmission of the PSCCH and corresponding PSSCH. Also, this suggests that Tx beam of PSCCH and corresponding PSSCH needs to be indicated in advance so that Rx UE can have enough time to decode the Tx beam indication and apply an appropriate Rx beam.
[bookmark: _Toc131435273][bookmark: _Toc131768504]Observation 1: Since PSCCH and corresponding PSSCH are multiplexed in FDM+TDM manner in the same slot, there is not enough time for Rx UE to switch Rx beam between PSCCH and the corresponding PSSCH.
[bookmark: _Toc131435251][bookmark: _Toc131768514]Proposal 1: If the Rel-16/17 NR sidelink packet structures are reused, Tx UE uses the same Tx beam for PSCCH and corresponding PSSCH.
[bookmark: _Toc131435252][bookmark: _Toc131768515]Proposal 2: The Tx beam of PSCCH and corresponding PSSCH is indicated in advance so that Rx UE can have enough time to decode the Tx beam indication and apply an appropriate Rx beam.
Sidelink Initial Beam Pairing
In sidelink communications in FR2 bands, beamforming with narrow beams or directional antennas are generally used to provide enough array gain through larger antenna aperture. However, the use of narrow beamforming or directional antennas increases the overhead of beam alignment for initial access (i.e., initial beam pairing). In initial beam pairing, the Tx UE and Rx UE align their beams by searching different beam pairs to establish a good communication link, as shown in Figure 1(a). Generally speaking, as the directionality increases, the overhead of beam alignment increases because of the increase of the number of beam candidates to be searched. Also, due to potential high mobility of UEs (e.g., in V2X scenarios), initial beam pairing needs to be done quickly. It is therefore motivated to study alternative solutions to exhaustive beam search.
[bookmark: _Toc131435274][bookmark: _Toc131768505]Observation 2: The use of narrow Tx/Rx beams increases the overhead of initial beam pairing because a lot of beam candidates need to be searched.
[bookmark: _Toc131435275][bookmark: _Toc131768506]Observation 3: For initial beam pairing, exhaustive beam search is not efficient and not suitable when UEs are moving.
[bookmark: _Toc131435253][bookmark: _Toc131768516]Proposal 3: Study fast, efficient initial beam pairing solutions to support UE mobility.
Sidelink Beam Maintenance
Sidelink Beam Measurement and Reporting for Sidelink Beam Maintenance
In the RAN1 #112 meeting [3], the following agreement was reached for sidelink beam measurement and reporting schemes for sidelink beam maintenance.
	Agreement
RAN1 is to study sidelink beam measurement and reporting schemes (e.g., periodicity, contents, container, timing, procedure, etc.) for sidelink beam maintenance.



Rel-16/17 NR sidelink supports aperiodic CSI measurement/reporting, which is triggered by 1-bit CSI request in 2nd SCI. The CSI reporting is utilized for sidelink link adaptation and rank adaptation in sidelink unicast communication. The contents of sidelink CSI reporting are CQI and RI, which are always reported together. The CSI reporting container is MAC CE. Since the existing CSI reporting scheme was specified for the purpose of link adaptation and rank adaptation, the CSI measurement/reporting mechanism should be enhanced for sidelink beam measurement and reporting.
For sidelink beam measurement and reporting, one open question is the periodicity of CSI measurement and reporting, i.e., whether to support periodic/semi-persistent and/or aperiodic schemes for CSI measurement and reporting. In our view, both periodic/semi-persistent and aperiodic schemes should be supported. The periodic/semi-persistent scheme is beneficial for regular monitoring, while the aperiodic scheme is beneficial for event-triggered monitoring (e.g., based on change of UE position/speed). Regarding the contents of sidelink beam reporting, we can consider at least RSRP and SINR. Also, if aperiodic beam measurement and reporting are supported, it is important to study triggering mechanisms to initiate the beam maintenance procedure.
[bookmark: _Toc131435276][bookmark: _Toc131768507]Observation 4: Periodic measurement and reporting is beneficial for regular monitoring, while aperiodic measurement and reporting is beneficial for event-triggered monitoring (e.g., based on change of UE position/speed).
[bookmark: _Toc131435254][bookmark: _Toc131768517]Proposal 4: Study both periodic/semi-persistent and aperiodic schemes for sidelink beam measurement and reporting.
[bookmark: _Toc131435255][bookmark: _Toc131768518]Proposal 5: Study at least RSRP and SINR as the contents of sidelink beam reporting.
[bookmark: _Toc131435259][bookmark: _Toc131768519]Proposal 6: If aperiodic beam measurement and reporting are supported, study triggering mechanisms to initiate the beam maintenance procedure.
Sidelink Beam Indication and Switching for Sidelink Beam Maintenance
In the RAN1 #112 meeting [3], the following agreement was also reached for sidelink beam indication and switching schemes for sidelink beam maintenance.
	Agreement
RAN1 is to study sidelink beam indication and switching schemes (e.g., framework, general procedure, contents, signaling, timing, etc.) for sidelink beam maintenance.



Regarding sidelink beam indication and switching, one open question is the timing relationship between sidelink beam indication and beam switching. This is because Rx UE needs a certain time to decode the Tx beam indication and apply an appropriate Rx beam. In NR Uu, the UE reports to the gNB its capability on the minimum number of OFDM symbols required to perform PDCCH/DCI reception and applying the spatial QCL information received in DCI, via timeDurationForQCL. A similar aspect should be considered for SL beam management.
In addition, as described in Clause 2.1, the Tx beam of PSCCH and corresponding PSSCH should be indicated in advance. Further, Rel-16/17 NR sidelink supports SPS transmission and one-shot transmission, as well as retransmissions based on HARQ ACK/NACK feedback for unicast. This leads to another open question on when and how Tx UE indicates Tx beam(s) for the current PSCCH/PSSCH and subsequent PSCCH/PSSCH for the same TB and different TB (i.e., initial transmission and retransmissions for the same TB and different TB).
[bookmark: _Toc131435256][bookmark: _Toc131768520]Proposal 7: Study the timing relationship between sidelink beam indication and beam switching by taking into account the signal processing time and beam switching time at Rx UE.
[bookmark: _Toc131435257][bookmark: _Toc131768521]Proposal 8: Study when and how Tx UE indicates Tx beam(s) for the current PSCCH/PSSCH and subsequent PSCCH/PSSCH for the same TB and different TB (i.e., initial transmission and retransmissions for the same TB and different TB).
Sidelink Beam Maintenance for High-Mobility UEs
Even after the initial beam pairing, UE mobility and narrow beams (or directional antennas) incur misalignment of beams between Tx UE and Rx UE as shown in Figure 2. In [4], a new notion called beam coherence time was introduced. Roughly speaking, it indicates the time duration over which the beams stay aligned, as a function of beamwidth, by taking into account both Doppler spread and beam pointing error due to UE mobility. To deal with misalignment of beams, the Tx UE and Rx UE need to perform beam maintenance, where they adjust beams periodically (ideally every beam coherence time) to maintain the beam link. It is not efficient to use the initial beam pairing procedure for beam maintenance because initial beam alignment does not utilize temporal correlation of previously used beams. Therefore, more efficient procedure for beam maintenance is required to reduce the overhead of beam maintenance.
[image: ]
[bookmark: _Ref127263154]Figure 2. Tx UE and Rx UE need to adjust beam directions at different time instances due to directional beams and UE mobility.
[bookmark: _Toc131435277][bookmark: _Toc131768508]Observation 5: When directional Tx/Rx beams are used and UEs are moving, even after initial beam pairing, Tx UE and Rx UE need to adjust Tx/Rx beams to maintain the beam link.
[bookmark: _Toc131435278][bookmark: _Toc131768509]Observation 6: It is not efficient to use the initial beam pairing procedure for beam maintenance because initial beam pairing does not utilize temporal correlation of previously used beams.
[bookmark: _Toc131435258][bookmark: _Toc131768522]Proposal 9: Study fast, efficient beam maintenance solutions to support UE mobility.
Sidelink Beam Failure Recovery
Blockage by surrounding objects (e.g., vehicles, building, and other objects) is another key challenge in sidelink communication in FR2 bands due to high penetration loss in FR2 bands. Blockage and UE mobility incur intermittent link connectivity. Therefore, to minimize the impact of blockage and the duration of link failure, beam failure recovery is needed, where after the detection of (potential) beam link failure, the Tx UE and Rx UE find an alternative beam pair. For beam failure recovery, it is important to consider beam failure detection mechanisms based on beam failure instances.
In the RAN1 #112 meeting [3], the following agreement was reached for sidelink beam failure instance for sidelink beam failure recovery.
	Agreement
RAN1 is to study the information related to a sidelink beam failure instance that the PHY layer provides to the MAC layer.



In NR Uu, beam failure is detected by counting the number of beam failure instances. A beam failure instance is indicated from PHY layer to MAC layer when a L1 measurement (e.g., L1-RSRP) is less than a threshold. If the number of consecutive beam failure instances exceeds a threshold, it triggers a beam failure recovery procedure. Rel-16/17 NR sidelink supports HARQ-based sidelink RLF detection. HARQ-based sidelink RLF is detected if the number of consecutive instances that PSFCH reception is absent on the PSFCH reception occasion reaches a threshold. Similarly, for sidelink beam link failure, we can consider sidelink beam failure instances based on L1 measurement(s) (e.g., RSRP, SINR) and/or PSFCH reception. 
[bookmark: _Toc131435260][bookmark: _Toc131768523]Proposal 10: Study sidelink beam failure instances based on L1 measurement(s) (e.g., RSRP, SINR) and/or PSFCH reception.
Impact of Wide and Narrow Beams
In sidelink communication in FR2 bands, UEs may use different beamwidths (e.g., wide beam, narrow beam) for transmission and reception. For example, for beam failure recovery, Tx UE and/or Rx UE may change beamwidths from narrow beams to wide beams when the current narrow beam link is about to be lost in order to increase the chance of successful reception. There are pros and cons between wide beam and narrow beams. Wide beams allow UEs to receive signals from wider directions and transmit signals to wider directions, but it has a decreased beamforming gain and thus reduces the communication range. On the other hand, narrow beams allow UEs to increase the beamforming gain and thus increase the communication range, but it covers narrower directions. Figure 3 illustrates this trade-off.  In Figure 3(a), Rx UE uses a wide Rx beam, which allows Rx UE to receive signals from both Tx UEs but with a reduced beamforming gain. In Figure 3(b), Rx UE uses a narrow Rx beam, which increases the beamforming gain but receives only signals from Tx UE 2 due to beam misalignment between Rx UE and Tx UE 1. Therefore, it is important to study the impact of different beamwidths (e.g., wide beams and narrow beams) in sidelink beam management.

[image: ]
[bookmark: _Ref127257487]Figure 3. Difference of wide Rx beam and narrow Rx beam.
[bookmark: _Toc131435280][bookmark: _Toc131768510]Observation 7: Wide beams allow UEs to receive signals from wider directions and transmit signals to wider directions, but it has a decreased beamforming gain and thus reduces the communication range. On the other hand, narrow beams allow UEs to increase the beamforming gain and thus increase the communication range, but it covers narrower directions.
[bookmark: _Toc131435263][bookmark: _Toc131768524]Proposal 11: Study the impact of different beamwidths (e.g., wide beams and narrow beams) in sidelink beam management.
Impact of Directional Beams and UE Mobility to Sensing, Resource Selection, and Resource Reservation
The use of directional beams would affect sensing, resource selection, and resource reservation. This is because Rel-16/17 NR sidelink in FR1 bands assume omni-directional transmission and reception and thus may not be suitable for beam-based sidelink communication in FR2 bands. For example, if UEs use directional beams, they can transmit and receive signals to only limited directions. It would affect sensing and SCI transmission/reception because successful SCI reception depends on whether Tx beam and Rx beam are properly aligned or not. As shown in Figure 4, if Tx/Rx beams are not aligned among Tx UE transmitting resource reservation/SCI and Rx UEs, Rx UEs miss resource reservation/SCI from Tx UE, and the existing Rel-16/17 sidelink sensing mechanism would not work properly. This leads to inappropriate resource selection.
[image: ]
[bookmark: _Ref127327662]Figure 4. SCI transmission/reception with directional beams: when Tx UE transmits SCI, Rx UE 1 successfully receives the SCI as the beams of Tx UE and Rx UE 1 are aligned, while Rx UE 2 fails to receive the SCI due to beam misalignment between Tx UE and Rx UE 2.
[bookmark: _Toc131435281][bookmark: _Toc131768511]Observation 8: Rel-16/17 NR sidelink resource selection and reservation assume omni-directional transmission and reception and may not be suitable for beam-based sidelink communication in FR2 bands.
[bookmark: _Toc131435282][bookmark: _Toc131768512]Observation 9: If directional Tx/Rx beams are used, Rx UEs may miss resource reservation/SCI from other Tx UEs, and the existing Rel-16/17 sidelink sensing mechanism would not work properly. This leads to inappropriate resource selection.
In addition, the directionality of beam-based communication can be utilized to improve the spatial reuse of time/frequency resources. For example, as shown in Figure 5, the two beam links (Tx UE 1 – Rx UE 1 and Tx UE 2 – Rx UE 2) do not interfere each other even though they are close with each other, while Tx UE 3 should avoid transmission as its Tx beam will cause interference to Rx UE 1. This would suggest that resource (re-)selection should take into account Tx/Rx beams for better spatial reuse. Therefore, appropriate sensing, resource selection, and resource reservation/SCI mechanisms tailored for beam-based sidelink communication should be considered.
[image: ]
[bookmark: _Ref127329807]Figure 5. Spatial reuse of time/frequency resources by utilizing directional communication, where the two beam links (Tx UE 1 – Rx UE 1 and Tx UE 2 – Rx UE 2) do not interfere each other even though they are close with each other, while Tx UE 3 should avoid transmission as its Tx beam will cause interference to Rx UE 1.
[bookmark: _Toc131435283][bookmark: _Toc131768513]Observation 10: The directionality of beam-based communication can be utilized to improve the spatial reuse of time/frequency resources.
[bookmark: _Toc131435266][bookmark: _Toc131768525]Proposal 12: Study enhancements of sensing, resource selection, and resource reservation/SCI to take into account directional Tx/Rx beams and UE mobility.
Conclusion
In this contribution we discussed aspects that need to be considered for NR sidelink beam management on FR2 licensed spectrum. Our observations and proposals are summarized as follows:
Observation 1: Since PSCCH and corresponding PSSCH are multiplexed in FDM+TDM manner in the same slot, there is not enough time for Rx UE to switch Rx beam between PSCCH and the corresponding PSSCH.
Observation 2: The use of narrow Tx/Rx beams increases the overhead of initial beam pairing because a lot of beam candidates need to be searched.
Observation 3: For initial beam pairing, exhaustive beam search is not efficient and not suitable when UEs are moving.
Observation 4: Periodic measurement and reporting is beneficial for regular monitoring, while aperiodic measurement and reporting is beneficial for event-triggered monitoring (e.g., based on change of UE position/speed).
Observation 5: When directional Tx/Rx beams are used and UEs are moving, even after initial beam pairing, Tx UE and Rx UE need to adjust Tx/Rx beams to maintain the beam link.
Observation 6: It is not efficient to use the initial beam pairing procedure for beam maintenance because initial beam pairing does not utilize temporal correlation of previously used beams.
Observation 7: Wide beams allow UEs to receive signals from wider directions and transmit signals to wider directions, but it has a decreased beamforming gain and thus reduces the communication range. On the other hand, narrow beams allow UEs to increase the beamforming gain and thus increase the communication range, but it covers narrower directions.
Observation 8: Rel-16/17 NR sidelink resource selection and reservation assume omni-directional transmission and reception and may not be suitable for beam-based sidelink communication in FR2 bands.
Observation 9: If directional Tx/Rx beams are used, Rx UEs may miss resource reservation/SCI from other Tx UEs, and the existing Rel-16/17 sidelink sensing mechanism would not work properly. This leads to inappropriate resource selection.
Observation 10: The directionality of beam-based communication can be utilized to improve the spatial reuse of time/frequency resources.

Proposal 1: If the Rel-16/17 NR sidelink packet structures are reused, Tx UE uses the same Tx beam for PSCCH and corresponding PSSCH.
Proposal 2: The Tx beam of PSCCH and corresponding PSSCH is indicated in advance so that Rx UE can have enough time to decode the Tx beam indication and apply an appropriate Rx beam.
Proposal 3: Study fast, efficient initial beam pairing solutions to support UE mobility.
Proposal 4: Study both periodic/semi-persistent and aperiodic schemes for sidelink beam measurement and reporting.
Proposal 5: Study at least RSRP and SINR as the contents of sidelink beam reporting.
Proposal 6: If aperiodic beam measurement and reporting are supported, study triggering mechanisms to initiate the beam maintenance procedure.
Proposal 7: Study the timing relationship between sidelink beam indication and beam switching by taking into account the signal processing time and beam switching time at Rx UE.
Proposal 8: Study when and how Tx UE indicates Tx beam(s) for the current PSCCH/PSSCH and subsequent PSCCH/PSSCH for the same TB and different TB (i.e., initial transmission and retransmissions for the same TB and different TB).
Proposal 9: Study fast, efficient beam maintenance solutions to support UE mobility.
Proposal 10: Study sidelink beam failure instances based on L1 measurement(s) (e.g., RSRP, SINR) and/or PSFCH reception.
Proposal 11: Study the impact of different beamwidths (e.g., wide beams and narrow beams) in sidelink beam management.
Proposal 12: Study enhancements of sensing, resource selection, and resource reservation/SCI to take into account directional Tx/Rx beams and UE mobility.
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