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1	Introduction
[bookmark: _Hlk525462591]In RAN#94-e, the WID on NR sidelink evolution was agreed; it was most recently revised in RAN#99 [1]. The WID includes the following objective for sidelink operation in FR2:
	[bookmark: _Hlk89917254][bookmark: _Hlk114651095]3.	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]o	Beam management in FR2 licensed spectrum considers sidelink unicast communication only.


In this contribution, we identify potential issues to be studied regarding the support of sidelink (SL) beam management for SL operation on FR2 licensed spectrum.
2	Potential Issues for Study on SL Beam Management
The goal of SL beam management, based on the definition provided for NR Uu in 3GPP TR 38.802 [2], is to “acquire and maintain a set of [UE] beams that can be used for [SL] transmission/reception”.
Section 6.1.6.1 of [2] defines three procedures for downlink (DL) beam management:
1)	[P-1] SSB based beam sweeping: During initial acquisition based on SSB (idle mode), beam sweeping is used at both gNB (TX) and UE (RX) to determine an initial pair of (relatively wide) beams. The UE transmits on a PRACH occasion that is associated with the best SSB beam, hence upon success of the PRACH procedure both gNB and UE have established an initial beam pair.
2)	[P-2] CSI-RS based TX beam refinement: To increase the TX directivity/gain, a set of CSI-RS resources are configured and transmitted by the gNB using a corresponding set of narrow TX beams (within the angular range of the initial wide TX beam). The UE measures RSRP and reports the best TX beam (i.e., highest RSRP).
3)	[P-3] CSI-RS based RX beam refinement: To increase the RX directivity/gain, a set of CSI-RS resources are configured and transmitted by the gNB using a fixed (narrow) TX beam (e.g., the reported best TX beam) while the UE performs RX beam sweeping using a corresponding set of narrow RX beams (within the angular range of the initial wide RX beam). The UE measures RSRP and selects the best RX beam (i.e., highest RSRP).
According to the WID [1], the present study should “reus[e] Uu beam management concepts wherever possible”. Below we provide our view on whether/how the above NR Uu procedures (P-1, P-2, P-3) may be reused/adapted for SL beam management.
[bookmark: _Hlk4137067][bookmark: _Hlk520894743][bookmark: _Hlk7596973][bookmark: _Hlk525462634][bookmark: Proposal60954]2.1	SL Initial Beam Pairing
Figure 1 shows a pair of SL UEs (A, B) performing initial beam pairing for unicast communication. The goal of initial beam pairing is to establish a first pair of relatively wide spatial filters (beams) for SL transmission/reception, similar to P-1 in NR Uu. These may be subsequently refined if needed, e.g., to increase TX/RX directivity/gain – similar to what is done in NR Uu with P-2 and P-3.
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[bookmark: _Ref125606259]Figure 1. A pair of SL UEs (A, B) performing initial beam pairing for unicast communication
In Figure 1, UE A has P panels available for transmission (P = 4 in Figure 1) and UE B has Q panels available for reception (Q = 4 in Figure 1). A first issue that should be studied is how the UEs (A, B) determine which panels to use (at least initially) to communicate with each other. It is worth noting that the best panels determined at a given time may not be best at a later time (e.g., due to UE relative motion, rotation, obstruction by other objects, etc.), thus panel switching/maintenance may be required.
In order to determine the best panel combination out of P × Q possible combinations, the UEs may perform measurements on reference signals (RS) transmitted/received using the widest attainable beam on each panel (e.g., by using a single antenna element, or combining narrow beams hierarchically as described in [3]). For example, UE A may transmit SL CSI-RS sequentially on each of its P panels (using the widest attainable transmit beam on each panel), while UE B measures RSRP on each of its Q panels (using the widest attainable receive beam on each panel). Such initial beam pairing may require up to P × Q SL CSI-RS to be transmitted/measured.
2.1.1	Before unicast link establishment
In RAN1#112bis-e, the following was agreed regarding initial beam pairing before unicast link establishment:
	Agreement
RAN1 can study the following candidate procedure where initial beam pairing is performed before sidelink unicast link establishment, including at least the following steps and how to determine UE2:
	UE1 sends reference signals via different transmit beams
o	Note: multiple reference signals transmissions (e.g. repetitions) from each of the beams can be studied
o	FFS when reference signals are sent
o	FFS applicable reference signal
	UE2 measures the reference signals and determines a UE1 transmit beam and/or a UE2 receive beam 
o	FFS: whether/how to determine a UE2 transmit beam 
	UE2 indicates to UE1 the determined UE1 transmit beam 
o	FFS how to indicate the determined transmit beam, including its feasibility
	UE1 and UE2 set up sidelink unicast link using the determined beam, following existing link establishment procedure.


In RAN1#113, the following was further agreed:
	Agreement
In the candidate procedure where initial beam pairing is performed before sidelink unicast link establishment,
	In step 1, 
o	the applicable reference signal is selected based on
	Alt 1-1: S-SSB or its modified format
	Alt 1-2: standalone SL CSI-RS or its modified format
	Alt 1-3: non-standalone SL CSI-RS
	Note: standalone SL CSI-RS transmission means at least no accompanying sidelink data (SL MAC SDU) transmissions in the same slot. FFS: accompanying SCI(s) or SL MAC CE transmissions or PSFCH.
	Alt 1-4: PSCCH/PSSCH DMRS
o	the reference signals are sent
	Alt 2-0: aperiodically
	Alt 2-1: periodically
	Alt 2-2: semi-persistent with activation and deactivation
	FFS details of activation/deactivation
o	FFS resources and resource allocation of reference signal
o	FFS: if CSI-RS is used, whether UE1 transmits other information associated with the CSI-RS
	In step 2, 
o	UE1’s transmit beam and UE2’s receive beam are determined by UE2 as the pair with the RSRP measurement satisfying certain condition(s)
	FFS details of condition(s)
	FFS explicit or implicit determination of UE1 transmit beam by UE2
o	UE2’s transmit beam is at least determined as the one corresponding to determined UE2’s receive beam, at least if beam correspondence is assumed
	FFS other scheme
	In step 3, 
o	UE2’s beam reporting is associated with determined UE1’s transmit beam.
	FFS details of association
	FFS details of beam reporting
	Note: this does not preclude beam reporting in the link establishment message.
o	FFS: how UE1 determines its transmit beam if it receives different beam reporting from different UEs
	FFS: whether/how to avoid unnecessary beam measurement and reporting from multiple UEs; 



A critical issue with this procedure is how UE1 can identify UE2 before a L2 link has been established. TS 23.304 (clause 5.8.2.4) includes the following provisions: “The Layer-2 ID of the communication peer, identified by the peer’s Application Layer ID, may be discovered during the establishment of the PC5 unicast link, or known to the UE via prior ProSe direct communications, e.g. existing or prior unicast link to the same Application Layer ID, or obtained from 5G ProSe direct discovery process.” In particular, in step 4 (security establishment) of clause 6.4.3.1, the following is specified: “Upon receiving the security establishment procedure messages, UE1 obtains the peer UE’s Layer-2 ID for future communication, for signaling and data traffic for this unicast link.”
Thus, the availability at UE1 of UE2’s destination L2 ID before the security establishment procedure cannot be assumed in general. There may be hundreds of neighboring UEs in the surrounding environment of UE1 that are able to detect the RS transmitted by UE1. If UE1 does not indicate any specific target UE, many surrounding non-target UEs may have to perform unnecessary RS measurements and transmit unnecessary beam reports to UE1.
[bookmark: Obs62445][bookmark: Obs29915][bookmark: Obs86719]Observation 1: The availability at UE1 of UE2’s destination L2 ID cannot be assumed in general before the L2 link is established. As a result, initial beam pairing before L2 link establishment may lead to unnecessary beam measurement and reporting by many non-target neighboring UEs.
[bookmark: Proposal35648][bookmark: Proposal38845][bookmark: Proposal98844]Proposal 1: For initial beam pairing before unicast link establishment, if supported, study how to address the issue of unnecessary beam measurement and reporting by irrelevant UEs.
As pointed out by others, standalone SL CSI-RS transmissions (Alt 1-2) may be more efficient than non-standalone SL CSI-RS transmissions (Alt 1-3), as they may occupy just a few (e.g., 1-2) symbols within a slot, allowing for intra-slot TX/RX beam sweeping. This would result in lower latency and overhead for initial beam pairing compared to non-standalone SL CSI-RS transmissions, for which each TX beam would likely need to remain fixed throughout an entire slot. SCI and/or SL MAC CE accompanying standalone SL CSI-RS may be transmitted using a wide beam at the beginning of the slot, conveying information that allows UE2 to determine whether or not it should perform beam measurement and reporting (e.g., UE2’s Application Layer ID, if already known by UE1), thus addressing the issue of unnecessary beam measurement and reporting by irrelevant UEs.
Alternatively, as proposed by others, different RS sequences may be used to convey application-layer information. One challenge with this approach is the limited capacity, e.g., compared to that provided by a discovery message. For example, to transmit 32 bits describing the service offered by UE1 (e.g., SL positioning anchor, positioning method, etc.) would require more than 4 billion (i.e., 2^32) different RS sequences.
Non-standalone SL CSI-RS transmissions (Alt 1-3) may be included within PSCCH/PSSCH used for transmission of beamformed discovery messages. In this way, UE1 may announce a service to nearby UE2s (e.g., within a certain angular range of interest) by sweeping the discovery messages repeatedly on multiple TX beams.
[bookmark: Obs86720]Observation 2: Standalone SL CSI-RS transmissions (Alt 1-2) allow for intra-slot beam sweeping, enabling faster and more efficient initial beam pairing compared to non-standalone SL CSI-RS transmissions (Alt 1-3), however they may lack sufficient capacity to convey application-layer information useful in addressing the issue of unnecessary beam measurement and reporting by irrelevant UEs.
[bookmark: Proposal98845]Proposal 2: Support both standalone (Alt 1-2) and non-standalone (Alt 1-3) SL CSI-RS as reference signals for initial beam pairing before unicast link establishment, with selection depending on scenario, use case and requirements.
In addition, UE2 may take advantage of ongoing PSCCH/PSSCH transmissions from a UE1 of interest (e.g., UE1’s unicast transmissions intended for other UEs, UE1’s groupcast/broadcast transmissions, etc.) to perform RX beam sweeping opportunistically and determine an appropriate beam for future communication with the UE1 of interest, thus saving time and overhead. For example, UE2 may determine the UE1 of interest by decoding the 2nd-stage SCI, and use the remaining OFDM symbols (including DMRS) for RX beam measurement.
[bookmark: Obs86721]Observation 3: PSCCH/PSSCH DMRS from a UE1 of interest (e.g., associated with UE1’s ongoing communications with other UEs) may be exploited opportunistically by UE2 for RX beam sweeping, thus saving time and overhead.
[bookmark: Proposal98846]Proposal 3: Support PSCCH/PSSCH DMRS (Alt 1-4) as reference signals for initial beam pairing before unicast link establishment.
Regarding the timing of the RS transmissions, periodic RS transmission may consume many radio resources and lead to battery drainage (e.g., in case of handheld devices). Thus, RS should not be transmitted unless UE1 is interested in establishing unicast communication with UE2. In special use cases, such as a road side unit (RSU) announcing a V2X service, periodic RS transmission may be acceptable.
[bookmark: Obs62446][bookmark: Obs29916][bookmark: Obs86722]Observation 4: Periodic RS transmission for initial beam pairing before unicast link establishment may cause unnecessary resource overhead and power consumption.
[bookmark: Proposal35649][bookmark: Proposal38846][bookmark: Proposal98847]Proposal 4: For initial beam pairing before unicast link establishment, if supported, study RAN1 criteria (e.g., congestion) for enabling/disabling RS transmission by UE1.
2.1.2	During unicast link establishment
In RAN1#112bis-e, the following was agreed regarding initial beam pairing during unicast link establishment:
	Agreement
RAN1 can study the following candidate procedure where initial beam pairing is performed during sidelink unicast link establishment 
	UE1 sends PSCCH/PSSCH that carries unicast link establishment message (e.g., DCR message) via different transmit beams 
o	Note: multiple PSCCH/PSSCH transmissions (e.g., repetitions) from each of the beams can be studied.
o	FFS: applicable reference signals which are transmitted together with unicast link establishment message.
	if UE2 successfully decodes one (or more) of the PSCCH/PSSCH(s) and UE2 determines to establish a unicast link with UE1, it indicates to UE1 one (or more) UE1 transmit beam(s) of PSCCH/PSSCH(s) which is successfully received 
o	FFS details (e.g., implicit or explicit indication) 
o	FFS: how to map between each PSCCH/PSSCH and UE1 transmit beam
o	FFS: how UE2 determines UE1 transmit beam(s) and/or UE2 transmit/receive beam(s)
	UE1 uses one of the indicated beam(s) to finish the remaining sidelink unicast link establishment procedure with UE2
o	FFS: how UE1 determines one of the indicated beam(s) 
	FFS: use of additional reference signal or additional messages or additional measurement for efficient beam pairing.


In RAN1#113, the following was further agreed:
	Agreement
In the candidate procedure where initial beam pairing is performed during sidelink unicast link establishment,
	In step 1, the candidate reference signal which is transmitted together with unicast link establishment message is selected based on one of the following alternatives
o	Alt 1-1: SL CSI-RS
o	Alt 1-2: PSCCH/PSSCH DMRS
	In step 2, UE2 determines UE1’s transmit beam(s) and UE2’s receive beam(s) as the pair with the RSRP measurement satisfying certain condition(s).
o	UE2’s transmit beam is at least determined as the one corresponding to determined UE2’s receive beam, at least if beam correspondence is assumed
o	FFS the format of UE1’s transmit beam determined by UE2, e.g. implicit or explicit
o	FFS details of condition(s)
	In step 2, UE2 indicates UE1’s transmit beam(s).
o	FFS details of beam indication, including contents (e.g., ACK/NACK, beam ID, RSRP measurement), container (e.g., PSCCH/PSSCH, PSFCH) and association (e.g. resources)
	In step 3, UE1 determines UE1’s transmit beam based on one or more of the following alternatives
o	Alt 2-1: the latest beam indication
o	Alt 2-2: beam indication contents (e.g., RSRP measurement)
o	Alt 2-3: measurement/detection of beam indication signal


Figure 2 shows an example of initial beam pairing during unicast link establishment. In this example, UE1 and UE2 both use 4 wide, partially overlapping, initial beams (a1, … , a4) and (b1, … , b4), respectively, for initial beam pairing (e.g., corresponding to the widest attainable beams for each of 4 physical panels on each device).
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[bookmark: _Ref134544833]Figure 2. Initial beam pairing during unicast link establishment
In order to determine the best initial beam pair during unicast link establishment, UE1 transmits the standard Direct Communication Request (DCR) message (TS 23.287, TS 23.304) repeatedly in 4x4=16 (consecutive) slots while both UEs perform beam sweeping across all 16 possible beam pairs. Whenever UE2 successfully decodes a DCR message, and if UE2 determines to establish a unicast link with UE1, it may transmit feedback to UE1 using PSFCH resources associated with the PSCCH/PSSCH resource used to convey the DCR message. Such feedback may be used as an implicit indication that a particular beam pair is good enough for SL communication.
[bookmark: Obs62447][bookmark: Obs29917][bookmark: Obs86723]Observation 5: The implicit PSSCH-to-PSFCH resource mapping provides a fast and efficient mechanism for initial beam reporting during unicast link establishment.
[bookmark: Proposal35650][bookmark: Proposal38847][bookmark: Proposal98848]Proposal 5: For initial beam pairing during unicast link establishment, PSFCH is used by UE2 to implicitly indicate one (or more) UE1 transmit beam(s) of PSCCH/PSSCH(s) which is/are successfully received.
However, due to partial overlap among the initial beams and/or strong reflectors in the surrounding environment, it is possible that multiple DCR messages are successfully received by UE2, and consequently UE1 may receive multiple PSFCHs. If this happens, UE1 may not have sufficient information to determine the best beam pair for further communication with UE2.
For example, a first DCR message transmitted using beam pair (a2, b1) may be received with sufficient signal strength for successful decoding at UE2, as a result of UE1 radiating enough power towards UE2 when using transmit beam a2 for DCR transmission. Thus, a first feedback transmission (PSFCH2,1) may be transmitted by UE2 in the associated PSFCH transmission occasion (P2), using beam pair (a2, b1). Later on, a second DCR message transmitted using beam pair (a3, b1) may also be successfully decoded by UE2, with significantly higher received signal strength, as a result of the beams pointing directly towards each other. Thus, a second feedback transmission (PSFCH3,1) may be transmitted by UE2 in the associated PSFCH transmission occasion (P3), using beam pair (a3, b1). Further DCR messages may be successfully received using beam pairs (a3, b2), (a3, b4) and (a4, b1), leading to further feedback transmissions (PSFCH3,2, PSFCH3,4, PSFCH4,1).
[bookmark: _Hlk141875738]In order to avoid ambiguity at UE1 regarding which of its transmit beams is best for communicating with UE2, UE2 may determine whether or not to transmit PSFCH associated with a successfully received DCR based on measurements on reference signals (e.g., (pre)configured CSI-RS) accompanying the respective PSCCH/PSSCH. For each successfully received PSCCH/PSSCH, UE2 may determine whether to transmit PSFCH based on how the respective RSRP compares with RSRPs associated with other successfully received PSCCH/PSSCHs. For example, UE2 may determine to transmit PSFCH for a successfully received PSCCH/PSSCH only if the associated RSRP is highest among all RSRPs measured so far between the pair of UEs. In this way, UE1 can assume that the latest PSFCH corresponds to the best beam. Alternatively, UE2 may transmit PSFCH whenever the associated RSRP is above a (pre)configured threshold (regardless of whether the DCR was successfully received), and use different cyclic shifts to indicate whether the associated RSRP is highest among all RSRPs measured so far.
[bookmark: Obs62448][bookmark: Obs29918][bookmark: Obs86724]Observation 6: Due to partial overlap among the initial beams and/or strong reflectors in the surrounding environment, multiple DCR messages may be successfully received by UE2.
[bookmark: Proposal35651][bookmark: Proposal38848][bookmark: Proposal98849]Proposal 6: For initial beam pairing during unicast link establishment, consider the following alternatives to resolve ambiguities in PSFCH-based beam reporting:
	UE2 only transmits PSFCH if the associated RSRP is highest among all RSRPs measured so far between the pair of UEs.
	UE2 only transmits PSFCH when the associated RSRP is above a (pre)configured threshold, with one cyclic shift indicating that the RSRP is highest and another cyclic shift indicating that the RSRP is not highest among all RSRPs measured so far between the pair of UEs.
In addition, UE1 may resolve any ambiguity by performing measurements on the PSFCH resources themselves. Exploiting TX/RX beam correspondence, UE1 may assume that PSFCH is transmitted using the same beam pair as the associated DCR. Thus, a stronger PSFCH received signal strength implicitly indicates a stronger beam for a subsequent PSCCH/PSSCH transmission in the reverse direction.
[bookmark: Obs62449][bookmark: Obs29919][bookmark: Obs86725]Observation 7: If TX/RX beam correspondence is assumed, a stronger PSFCH received signal implicitly indicates a stronger beam pair.
	[bookmark: Proposal35652][bookmark: Proposal38849][bookmark: Proposal98850]Proposal 7: For initial beam pairing during unicast link establishment:
	UE2’s PSFCH transmit beam is the same as its PSCCH/PSSCH receive beam.
	UE1’s PSFCH receive beam is the same as its PSCCH/PSSCH transmit beam.
	UE1 determines the best beam (among those indicated by UE2) based on the PSFCH received signal strength, based on whether ACK or NACK is indicated, and/or assumes that the latest received PSFCH corresponds to the best beam.


As shown in Figure 2, it is beneficial for UE1 to transmit DCR multiple times on each transmit beam (a1, … , a4), in order to allow multiple opportunities for UE2 to sweep its receive beams (b1, … , b4). Such DCR repetitions on each transmit beam may be transmitted using multiple consecutive slots, thus reducing the overall latency for initial beam pairing. In case the PSFCH transmission occasion periodicity in the resource pool (sl-PSFCH-Period) is greater than 1 slot (i.e., 2 or 4 slots), it is beneficial for UE1 to use the same transmit beam when transmitting DCR repeatedly in slots associated with the same PSFCH transmission occasion (P1, … , P4). In this way, UE1 can monitor the associated PSFCH transmission occasion using that same beam, exploiting TX/RX beam correspondence.
[bookmark: Obs62450][bookmark: Obs29920][bookmark: Obs86726]Observation 8: For a given PSFCH transmission occasion, UE1 may not be able to use more than one of its beams to monitor PSFCH from UE2.
[bookmark: Proposal35653][bookmark: Proposal38850][bookmark: Proposal98851]Proposal 8: For initial beam pairing during unicast link establishment, UE1 uses the same PSCCH/PSSCH transmit beam when transmitting DCR repeatedly in slots associated with the same PSFCH transmission occasion, and uses that same beam as PSFCH receive beam for that PSFCH transmission occasion.
In order to reduce initial beam pairing latency, it is beneficial for UE1 and UE2 to fully utilize all slots associated with a PSFCH transmission occasion (P1, … , P4) for DCR repetitions (using the same UE1 transmit beam) so as to allow fast beam measurement and reporting of different beam pairs within a short period of time, as shown in Figure 2. A number of consecutive DCR transmissions per UE1 transmit beam may be (pre)configured in the resource pool to a value that is at least equal to (i.e., not smaller than) the PSFCH transmission occasion periodicity (sl-PSFCH-Period). In the shown example, this results in 16 consecutive slots being used to measure all possible initial beam pairs, corresponding to 4ms for 60kHz SCS and 2ms for 120kHz SCS. This ideal situation may not always be possible, e.g., due to UE1 and/or UE2 being busy with higher priority SL transmissions/receptions in some of the slots.
[bookmark: Obs62451][bookmark: Obs29921][bookmark: Obs86727]Observation 9: The latency for initial beam pairing during unicast link establishment can be minimized by allowing UE1 to transmit DCR repeatedly on each transmit beam in all slots associated with a PSFCH transmission occasion.
[bookmark: Proposal35654][bookmark: Proposal38851][bookmark: Proposal98852]Proposal 9: For initial beam pairing during unicast link establishment, a number of DCR transmissions per UE1 transmit beam is (pre)configured to a value not smaller than sl-PSFCH-Period.
According to TS 23.304, upon receiving a DCR message, UE2 responds by establishing security with UE1. An open question is when exactly UE2 responds to UE1 with its first security establishment message (i.e., Direct Auth and Key Establishment Request, Direct Security Mode Command, etc., as specified in TS 33.536) in case multiple DCRs are successfully received. For example, the first successfully received DCR may correspond to an acceptable but far from optimal beam pair. A second successfully received DCR transmitted later on with a different beam pair may result in a much higher RSRP. It may be beneficial for UE2 to wait until the best initial beam pair has been determined before transmitting the first security establishment message to UE1. Once the best initial beam pair has been determined at UE2 and the corresponding UE1 transmit beam has been indicated to UE1, the security establishment procedure may be initiated.
[bookmark: Obs62452][bookmark: Obs29922][bookmark: Obs86728]Observation 10: It may occur that UE2 responds to a successfully received DCR message with its first security establishment message before the best initial beam pair has been determined.
[bookmark: Proposal35655][bookmark: Proposal38852][bookmark: Proposal98853]Proposal 10: Discuss whether UE2 should wait until it has determined the best initial beam pair before responding to UE1 with security establishment.
2.1.3	After unicast link establishment
In RAN1#112bis-e, the following was agreed regarding initial beam pairing after unicast link establishment:
	Agreement
RAN1 can study the following candidate procedure where initial beam pairing starts after sidelink unicast link establishment between UE1 and UE2, including studying whether and in which cases initial beam pairing after sidelink unicast link establishment is feasible.
	UE1 and UE2 set up sidelink unicast link, following existing link establishment procedure
o	FFS the beams used for unicast link establishment.
	UE1 and/or UE2 configure the resources for beam sweeping and/or beam reporting
o	FFS details of resources configuration
	UE1 and/or UE2 use the configured resources to transmit reference signals and determine a pair of transmit beam and receive beam based on beam sweeping.
o	FFS applicable reference signal(s)
o	FFS whether/how to indicate the determined beams between UE1 and UE2
	FFS difference between initial beam pairing (after sidelink unicast link establishment) and beam maintenance


In RAN1#113, the following was further agreed:
	Agreement
In the candidate procedure where initial beam pairing starts after sidelink unicast link establishment (if feasible), the initial beam pairing follows a similar procedure as beam maintenance.


In addition, the following was concluded in RAN1#112bis-e:
	Conclusion
RAN1 to prioritize the case where a UE is incapable of simultaneous transmitting or receiving PSCCH/PSSCH/PSFCH using different beams in Rel-18.


The above conclusion does not seem to preclude the possibility of forming a single “omnidirectional beam” by UE implementation (e.g., by combining multiple panels) and using it for transmission/reception of SL unicast link establishment messages (DCR/DCA, etc.). In general, such omnidirectional transmission/reception would seem to be required for SL unicast link establishment to be feasible prior to an initial beam pair having been determined, at least for devices that may experience rotation, such as handheld devices. However, omnidirectional TX/RX capability in FR2 may not be assumed in general, thus the feasibility of establishing the SL unicast link without having determined an initial beam pair is questionable as a general solution. Only in certain cases, where UE rotation does not apply and/or 360-degree coverage is not required (e.g., wall-mounted UEs, see-through use case in V2X, etc.), may omnidirectional TX/RX not be necessary.
[bookmark: Obs62453][bookmark: Obs29923][bookmark: Obs86729]Observation 11: Except for very specific cases (e.g., wall-mounted UEs, see-through in V2X), omnidirectional TX/RX capability would seem to be required for UEs to be able to establish a SL unicast link prior to determining an initial beam pair. However, such capability may not be assumed in general in FR2.
[bookmark: Proposal35656][bookmark: Proposal38853][bookmark: Proposal98854]Proposal 11: Initial beam pairing after unicast link establishment is not feasible as a general solution, e.g., for UEs without omnidirectional TX/RX capability in FR2 that may be exposed to frequent rotation.
In addition, we share the view from other companies that the main drawback of performing initial beam pairing after unicast link establishment is a reduction in achievable coverage or communication range. However, in some applications, range may not be an issue, e.g., in an indoor environment such as an office or factory floor. In other applications, such as a highway scenario in V2X, range may be an important factor. Thus, whether to perform initial beam pairing during PC5 unicast link establishment or thereafter may be up to the application.
[bookmark: Obs62483][bookmark: Obs62454][bookmark: Obs29924][bookmark: Obs86730]Observation 12: Performing SL initial beam pairing after PC5 unicast link establishment may reduce the achievable communication range.
[bookmark: Proposal51819][bookmark: Proposal35657][bookmark: Proposal38854][bookmark: Proposal98855][bookmark: Proposal35658][bookmark: Proposal38855]Proposal 12: Whether to perform initial beam pairing after link establishment (if feasible) may depend on scenario and use case requirements.
2.1.4	Reference signals for initial beam pairing
In RAN1#112bis-e, the following was agreed regarding S-SSB for initial beam pairing:
	Agreement
To study the feasibility of adapting S-SSB for initial beam pairing between UE1 and UE2, at least the following can be considered.
	Whether/how to enable UE2 to identify UE1 (e.g., source ID) from UE1’s S-SSB transmission, to enable UE1 to identify the corresponding beam measurement/reporting from UE2  
	Mapping between S-SSB transmission/resource and beam related information
	Allocation of beam reporting resources respectively associated with different S-SSB transmit beams
	Structure and contents of S-SSB
	Triggering and/or activation of S-SSB transmission, if needed
	Mechanism for S-SSB monitoring and reporting/responding
	Mechanism to mitigate/avoid the interference between overlapped S-SSB transmissions from different UEs, including S-SSB transmission resources
	Potential impact to/from other UEs, and whether/how to avoid or mitigate this impact


Initial beam pairing based on S-SSB may be possible in some circumstances, e.g., in case of UE-specific S-SSB transmission configured by a gNB while in coverage (using parameter networkControlledSyncTx). However, in general (e.g., when out of coverage or in partial coverage), superposition of S-SSB transmissions from multiple UEs (e.g., located in different directions from the perspective of a S-SSB measuring UE) may render such signals unusable for initial beam pairing.
As discussed above in connection with the candidate procedure for initial beam pairing before unicast link establishment, a critical issue for S-SSB to be feasible for initial beam pairing is how to identify not just UE1 (which may be feasible, as the source L2 ID is always self-assigned, according to TS 23.304, clause 5.8.2.1) but, critically, UE2. Given that UE1 may not be aware of UE2’s destination L2 ID until it receives the first security establishment message (i.e., Direct Auth and Key Establishment Request, Direct Security Mode Command, etc., as specified in TS 33.536), it may not be possible for the S-SSB to identify UE2. Thus, a mechanism other than destination L2 ID, would seem to be needed to avoid unnecessary S-SSB measurement and reporting by potentially many irrelevant non-target UEs in the proximity of UE1. Here, one potential challenge is that a UE receiving S-SSB may not be able to determine whether it is interested in establishing a unicast link with UE1 until it knows (e.g., from DCR contents) what service, if any, is being offered by UE1.
[bookmark: Obs62456][bookmark: Obs29926][bookmark: Obs86731]Observation 13: UE1 may not be aware of UE2’s destination L2 ID until it receives the first security establishment message from UE2. Thus, S-SSB reception may lead to many irrelevant UEs performing beam measurement and reporting unnecessarily.
[bookmark: Proposal35659][bookmark: Proposal38856][bookmark: Proposal98856]Proposal 13: RAN1 to deprioritize the study of S-SSB enhancements for initial beam pairing.
[bookmark: Proposal51820]The motivation for using S-SSB for initial beam pairing was of course to follow Uu behavior. it is worth pointing out, however, that S-SSB, while similar in name, is in several important aspects very different from SSB, e.g.
	SSB is transmitted by a single cell, while S-SSB is transmitted by multiple UEs in SFN mode on the same resources;
	SSB identifies the cell, S-SSB does not identify the UE transmitting it;
	SSB provides information about additional system information where the UE can find important further information about the cell, e.g. whether it would actually be allowed to access that cell. S-SSB does not provide any such mechanism.
These differences lead to a variety of issues that would need to be solved to adapt S-SSB for use in initial beam pairing. Let us therefore take a step back and identify the sidelink mechanism which is closest in actual behavior, rather than just in name, to SSB: The closest match is the transmission of discovery messages in sidelink discovery model A. In this discovery model, an announcing UE (UE1) – corresponding to a cell – announces its presence and can indicate its identity and services offered – corresponding to the relevant aspects of Uu system information. A monitoring UE (UE2) can therefore determine whether it actually is interested in performing initial beam pairing with UE1.
Moreover, the discovery message is transmitted over PSSCH. Therefore, all the existing mechanisms defined for PSSCH, but not for S-SSB, such as resource allocation with collision avoidance are available without additional effort.
[bookmark: Obs62457][bookmark: Obs29927][bookmark: Obs86732]Observation 14: Discovery messages sent over PSSCH are a better match than S-SSB for the actual behavior of SSB and can re-use all the existing mechanisms specified for PSSCH, such as resource allocation with collision avoidance.
[bookmark: Proposal35660][bookmark: Proposal38857][bookmark: Proposal98857]Proposal 14: RAN1 to study discovery messages sent over PSSCH instead of S-SSB enhancements for initial beam pairing.
In addition, the following was agreed in RAN1#112bis-e regarding SL CSI-RS for initial beam pairing:
	Agreement
To study the feasibility of reusing SL CSI-RS for initial beam pairing, at least the following enhancements can be considered.
	SL CSI-RS transmission with or without sidelink data transmission in the same slot 
o	FFS: slot structure
	Mapping between SL CSI-RS transmission/resource and beam related information
	Periodic SL CSI-RS transmission, semi-persistent SL CSI-RS transmission, or aperiodic SL CSI-RS transmission, with or without SCI indication 
	Allocation of SL CSI-RS beam sweeping resources and if applicable, their associated beam reporting resources
	Study the possibility to apply SL CSI-RS for initial beam pairing before, during or after unicast link establishment 
o	FFS: How to provide SL CSI-RS resource configuration
[bookmark: _Hlk141815836]	Whether or how to mitigate/avoid the interference between overlapped SL CSI-RS transmissions from different UEs
	SL CSI-RS transmission with or without repetition on transmit beams


In RAN1#113, the following was further agreed:
	Agreement
In the candidate procedure where initial beam pairing is performed before sidelink unicast link establishment, at least the following is considered for SL CSI-RS (or its modified format) (if feasible)
	Aperiodic, periodic and/or semi-persistent SL CSI-RS
o	FFS: details
	In case of standalone SL CSI-RS (if supported), candidate resources for SL CSI-RS beam sweeping are (pre-)configured 
o	FFS: whether/how to avoid resource collision of SL CSI-RS transmissions from different UEs
	FFS: Association between SL CSI-RS and beam reporting and/or initial link establishment
o	FFS: details of association
	Identification and beam related information of SL CSI-RS for initial beam pairing 
o	FFS: details


Resource allocation for standalone SL CSI-RS may be challenging due to the difficulty in avoiding resource collisions among different UEs in the presence of beamforming. The currently standardized collision avoidance schemes, based on sensing and/or inter-UE coordination, have been designed under the assumption of omnidirectional transmission/reception. The increased severity of the hidden and exposed node problems in the presence of directional transmission/reception calls for enhancements in such collision avoidance schemes, which are yet to be discussed and agreed in RAN1.
One possible way to overcome such difficulties is to consider enhancing the physical structure of standalone SL CSI-RS transmissions, as illustrated in Figure 3. The current CSI-RS resource mapping (CSI-RS-ResourceMapping) does not allow a CSI-RS to occupy different frequency resources (e.g., different subcarriers) in different OFDM symbols. Thus, if a resource collision occurs between two SL CSI-RSs, it may affect all OFDM symbols within the SL CSI-RS equally. This may cause UE2 to report incorrect beam measurements to UE1 and/or select a suboptimal beam for communication with UE1. On the other hand, if the frequency-domain allocation within a SL CSI-RS is allowed to vary in time (e.g., pseudorandomly), the probability that different UEs select the same frequency resources for all OFDM symbols of their standalone SL CSI-RS transmissions is reduced. In this case, UE2 may obtain multiple beam measurements (one per OFDM symbol) and compare or combine them to determine the respective beam quality more reliably.
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[bookmark: _Ref141814270]Figure 3. Constant (RS1, … , RS4) vs pseudorandom (RS’1, … , RS’4) frequency-domain allocations for standalone SL CSI-RS
[bookmark: Obs86733]Observation 15: The current CSI-RS resource mapping (CSI-RS-ResourceMapping) does not allow a CSI-RS to occupy different frequency resources in different OFDM symbols.
[bookmark: Proposal98858]Proposal 15: In order to mitigate interference between standalone SL CSI-RS transmissions from different UEs, especially before unicast link establishment, consider enhancing the CSI-RS resource mapping to allow a standalone SL CSI-RS to occupy different (e.g., (pseudo)randomly selected) frequency resources in different OFDM symbols.
In case of initial beam pairing during unicast link establishment, PSSCH can be used to carry non-standalone SL CSI-RS along with each DCR transmission by UE1. This has the advantage that mode-2 resource exclusion based on sensing and/or IUC schemes 1 and 2, which may be used for PSSCH resource selection, can be leveraged for interference avoidance between SL CSI-RS. The presence of SL CSI-RS within PSSCH conveying the DCR can be indicated by setting the CSI request bit in the corresponding 2nd-stage SCI, triggering SL CSI-RS measurement and potential reporting at UE2 via PSFCH associated with PSSCH.
[bookmark: Obs62458][bookmark: Obs29928][bookmark: Obs86734]Observation 16: By transmitting SL CSI-RS within PSSCH carrying DCR during unicast link establishment, mode-2 resource exclusion based on sensing and/or IUC can be leveraged to minimize SL CSI-RS interference to/from other SL CSI-RS transmissions as well as other SL transmissions.
[bookmark: Proposal35661][bookmark: Proposal38858][bookmark: Proposal98859]Proposal 16: Use PSSCH as a container for non-standalone SL CSI-RS for initial beam pairing during unicast link establishment.
2.2	SL Beam Maintenance
2.2.1	Beam refinement
After initial beam pairing, SL beam refinement (e.g., switching to narrower beams) may be needed to adapt to changing conditions or data rate requirements. Figure 4 illustrates how the SL UEs (A, B) may perform SL beam refinement within their selected panels.
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[bookmark: _Ref125614145]Figure 4. A pair of SL UEs (A, B) performing SL beam refinement for unicast communication
In Figure 4, UE A has M narrow beams (a1, a2, … , aM) available for transmission within its selected panel (M = 9 in Figure 4) and UE B has N narrow beams (b1, b2, … , bN) available for reception within its selected panel (N = 9 in Figure 4). Note that for simplicity only one dimension is shown (e.g., azimuth), but in general the beams may be formed in two dimensions (i.e., azimuth and elevation).
In order to determine the best narrow beam combination (a’, b’) out of M × N possible combinations, the UEs may perform measurements on reference signals (RS) transmitted/received using each of the available narrow beam pairs. For example, UE A may transmit SL CSI-RS sequentially on each of its M narrow beams (a1, a2, … , aM), while UE B measures RSRP on each of its N narrow beams (b1, b2, … , bN). Such beam refinement may require up to M × N SL CSI-RS to be transmitted/measured.
2.2.1.1	Exhaustive beam search
Figure 5 shows a possible SL beam refinement procedure based on exhaustive beam search.
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[bookmark: _Ref126670093]Figure 5. SL beam refinement based on exhaustive beam search (slot-wise TX beam sweeping at UE A, symbol-wise RX beam sweeping at UE B)
In order to obtain a measurement for every possible SL beam pair, UE A may transmit SL CSI-RS across M (not necessarily consecutive) slots, i.e., one slot for each TX beam (a1, a2, … , aM) available at UE A. During each slot, UE A may transmit a SL CSI-RS burst (r1, r2, … , rN) with a fixed TX beam, while UE B performs RX beam sweeping to measure on each SL CSI-RS with a different RX beam (b1, b2, … , bN). This is equivalent to performing P-3 sequentially M times, i.e., one time for each possible TX beam (a1, a2, … , aM). After the M × N measurements have been obtained at UE B, a beam report may be sent to UE A, e.g., indicating the TX beam(s) with highest RSRP.
Such an exhaustive beam search procedure may be necessary in some situations, e.g., in case of long-range SL relaying for public safety (e.g., if UE A and UE B are 1km away from each other). In such cases, simultaneously using the maximum attainable TX and RX gains (i.e., the narrowest attainable TX and RX beams) may be the only way to obtain reliable measurements (due to very high pathloss).
On the other hand, the latency associated with such an exhaustive beam search procedure may be very high, especially if the number of beams (M, N) is large and if non-consecutive slots are used.
[bookmark: Obs35073][bookmark: Obs88480][bookmark: Obs62485][bookmark: Obs62459][bookmark: Obs29929][bookmark: Obs86735]Observation 17: In certain situations (e.g., long-range SL), sweeping the narrowest attainable TX beams concurrently with the narrowest attainable RX beams may be necessary to obtain reliable beam measurements, resulting potentially in a very long (multi-slot) search for the best beam pair.
[bookmark: Proposal58865][bookmark: Proposal80325][bookmark: Proposal51821][bookmark: Proposal35662][bookmark: Proposal38859][bookmark: Proposal98860]Proposal 17: Study mechanisms to reduce the beam search space for SL beam refinement, especially for long-range SL using the narrowest attainable beams at each UE.
2.2.1.2	SL beam refinement based on Uu procedure [P-2, P-3]
Figure 6 shows an alternative method for SL beam refinement based on Uu procedures P-2 and P-3 (corresponding to Uu beam refinement at TX and RX, respectively). In this case, UE A may configure SL CSI-RS resources for transmission of a first burst (r1, r2, … , rM) of SL CSI-RS, e.g., within a single slot. During that slot, similar to P-2, UE A (playing the role of the gNB) may perform TX beam sweeping, i.e., transmit each SL CSI-RS using a different TX beam (a1, a2, … , aM), while UE B measures on each SL CSI-RS using a fixed, wide RX beam (e.g., the widest attainable beam on the appropriate panel). UE B may then send a beam report to UE A, e.g., indicating the TX beam(s) with highest RSRP.
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[bookmark: _Ref126670144]Figure 6. SL beam refinement based on Uu procedure [P-2, P-3] (UE A plays role of gNB) (symbol-wise TX beam sweeping at UE A, symbol-wise RX beam sweeping at UE B)
In a subsequent step (akin to P-3), UE A may select a preferred TX beam (a’) (e.g., among those indicated in UE B’s report) and transmit a second (single-slot) SL CSI-RS burst (s1, s2, … , sN) using the preferred TX beam (a’), while UE B performs RX beam sweeping to measure on each SL CSI-RS with a different RX beam (b1, b2, … , bN). Based on its measurements, UE B may then select a preferred RX beam (b’).
Compared to exhaustive beam search, such a two-step beam refinement procedure may be performed much faster (e.g., within a few slots), especially if intra-slot (i.e., symbol-wise) beam sweeping is used at both UE A and UE B, as shown in Figure 6.
[bookmark: _Hlk127100705]Intra-slot TX beam sweeping at UE A, however, may cause an AGC issue at nearby RX UEs. For example, a third UE (C) (not shown) in the proximity of UE A may experience a sudden, unexpected increase in its instantaneous total received power in the middle of a slot, as UE A sweeps its TX beams across the direction pointing to UE C, resulting in ADC saturation and consequently signal clipping at UE C.
An alternative to avoid the AGC issue caused by intra-slot TX beam sweeping would be for UE A to perform slot-wise TX beam sweeping, i.e., maintaining a fixed TX beam in each slot (as shown in Figure 5). However, this results in increased latency for beam refinement.
Moreover, the wide RX beam used by UE B to measure on the first SL CSI-RS burst may result in shorter range due to lower RX gain, as well as lower beam measurement quality due to higher interference from nearby UEs. In addition, as a result of UE B receiving SL CSI-RS with a wide RX beam, more of the received signal at UE B may be the result of reflections from a larger volume of reflectors. In NLOS conditions, UE B may thus measure the highest RSRP (total sum from all reflectors) when UE A uses the TX beam that points to the LOS, despite the LOS path itself being blocked. Thus, in NLOS conditions, this procedure is not guaranteed to find the optimal beam pair (e.g., pointing to the strongest reflector).
One possible way to overcome the AGC issue is to apply a lower TX power during intra-slot TX beam sweeping compared to the TX power used during the AGC symbol at the beginning of the slot. For example, referring to the top half of Figure 6, UE A may transmit PSCCH/PSSCH at the beginning of the slot (e.g., symbols 0-3) using an initial (wide) beam that covers the angular range of the subsequent (narrow) TX beam sweep. During the TX beam sweep (e.g., symbols 4-12), UE A may transmit at a lower TX power to compensate for the higher beamforming gain of the narrow TX beams (a1, a2, … , aM) compared to the initial wide beam.
[bookmark: Obs88481][bookmark: Obs62486][bookmark: Obs62460][bookmark: Obs29930][bookmark: Obs86736]Observation 18: Intra-slot TX beam sweeping may cause an AGC issue at nearby RX UEs, due to a sudden, unexpected increase in instantaneous total received power in the middle of a slot.
[bookmark: Proposal80326][bookmark: Proposal51822][bookmark: Proposal35663][bookmark: Proposal38860][bookmark: Proposal98861]Proposal 18: In order to overcome the AGC issue, specify power control or adaptation during intra-slot TX beam sweeping to compensate for the higher beamforming gain of the TX beams being swept compared to a wide beam used at the beginning of the slot.
2.2.1.3	Exploiting TX/RX beam correspondence [P-3, P-3]
Figure 7 shows another alternative method for SL beam refinement which exploits TX/RX beam correspondence. Based on the definition provided for NR Uu in Section 6.1.6.1 of [2], TX/RX beam correspondence at a UE (A, B) holds if the “UE is able to determine a TX beam for [SL] transmission based on the UE’s [SL] measurement on one or more RX beams”.
In this case, UE A may configure SL CSI-RS resources for transmission (e.g., within a single slot) of a first burst (r1, r2, … , rN) of SL CSI-RS using a fixed, wide TX beam (e.g., the widest attainable beam on the appropriate panel). This first SL CSI-RS burst (r1, r2, … , rN) is used for RX beam sweeping at UE B to determine a preferred RX beam (b’) among UE B’s RX beams (b1, b2, … , bN). In a subsequent step, UE B may transmit a second (single-slot) SL CSI-RS burst (s1, s2, … , sM) back to UE A using the preferred RX beam (b’) as a preferred TX beam (i.e., exploiting TX/RX beam correspondence). This second SL CSI-RS burst (s1, s2, … , sM) is used for RX beam sweeping at UE A to determine a preferred RX beam (a’) among UE A’s RX beams (a1, a2, … , aM), which is then used as preferred TX beam by UE A (again exploiting TX/RX beam correspondence).
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[bookmark: _Ref126670165]Figure 7. SL beam refinement based on TX/RX beam correspondence [P-3, P-3] (symbol-wise RX beam sweeping at UE B, symbol-wise RX beam sweeping at UE A)
A key advantage of this approach is that it circumvents the AGC issue caused by intra-slot TX beam sweeping in the Uu-based SL beam refinement procedure described above. Here, each UE (A, B) maintains a fixed TX beam during the respective slot (while the other UE performs RX beam sweeping), thus there is no sudden, unexpected increase in instantaneous total received power at nearby UEs (e.g., UE C) in the middle of the slot.
Another advantage is the potential for very low latency, as this two-step procedure may be performed very fast (e.g., within 2 consecutive slots), with no beam reporting needed between the UEs (A, B).
One drawback with this approach is that TX/RX beam correspondence may not always hold. For example, in NLOS channels, reflectors may not always behave reciprocally or symmetrically (i.e., reflect incident radio waves equally in both directions), thus a preferred RX beam (e.g., pointing to a non-reciprocal reflector) may not always be the preferred TX beam.
Moreover, the wide TX beam used by UE A to transmit the first SL CSI-RS burst may result in shorter range due to lower TX gain, as well as higher interference caused to nearby UEs. In addition, as a result of UE A transmitting SL CSI-RS with a wide TX beam, more of the received signal at UE B may be the result of reflections from a larger volume of reflectors. In NLOS conditions, UE B may thus measure the highest RSRP (total sum from all reflectors) on the RX beam that points to the LOS, despite the LOS path itself being blocked. Thus, in NLOS conditions, this procedure is not guaranteed to find the optimal beam pair (e.g., pointing to the strongest reflector).
Another aspect to consider is related to power consumption associated with (possibly periodic) SL CSI-RS transmission. If UE B is a power-constrained (e.g., battery-driven) device while UE A is not, it may be better to let UE A perform all the SL CSI-RS transmissions (as in the Uu-based procedure above) while UE B performs RX beam sweeping, which may consume less battery power.
[bookmark: Obs88482][bookmark: Obs62487][bookmark: Obs62461][bookmark: Obs29931][bookmark: Obs86737]Observation 19: TX/RX beam correspondence may be exploited to circumvent the AGC issue caused by intra-slot TX beam sweeping and significantly reduce the time needed for SL beam refinement.
[bookmark: Proposal80327][bookmark: Proposal51823][bookmark: Proposal35664][bookmark: Proposal38861][bookmark: Proposal98862]Proposal 19: Study how TX/RX beam correspondence may be exploited for SL beam refinement, e.g., by performing P-3 in both link directions.
2.2.1.4	Comparison of SL beam refinement approaches
Table 1 summarizes the pros and cons of each of the SL beam refinement approaches discussed above.
[bookmark: _Ref126845741]Table 1. Comparison of different SL beam refinement approaches
	
	Exhaustive beam search
	Uu-based SL beam refinement (P-2, P-3)
	Exploiting TX/RX beam correspondence (P-3, P-3)

	Pros
	Longer range (due to concurrent use of narrowest attainable TX and RX beams)
Optimal beam pair
	Low latency (in case of intra-slot TX beam sweeping)


	Very low latency (no beam report needed between SL CSI-RS bursts)
No AGC issue (no TX beam sweeping)

	Cons
	High latency (depending on number of beams, non-consecutive slots)
	AGC issue (in case of intra-slot TX beam sweeping)
Shorter range (due to wide RX beam)
Higher interference from nearby UEs due to wide RX beam (reducing beam measurement quality)
Suboptimal beam pair (potentially, in NLOS)
	TX/RX beam correspondence may not always hold
Shorter range (due to wide TX beam)
Higher interference caused to nearby UEs due to wide TX beam
Suboptimal beam pair (potentially, in NLOS)
Higher power consumption at UE B (due to SL CSI-RS burst transmission by UE B)


Each of the described SL beam refinement approaches may be preferred in a given setting. For long-range SL, it may be necessary to perform an exhaustive beam search simultaneously using the narrowest attainable TX and RX beams. If range and latency are not a concern, the Uu-based beam refinement procedure may be used, with slot-wise TX beam sweeping to avoid the AGC issue. If very low latency is required and channel reciprocity can be assumed, the beam refinement procedure based on TX/RX beam correspondence may be the only option available. Thus, it may be best for the specification to support not one but multiple SL beam refinement approaches, in order to adequately cover different conditions and requirements.
[bookmark: Obs88483][bookmark: Obs62488][bookmark: Obs62462][bookmark: Obs29932][bookmark: Obs86738]Observation 20: Different SL beam refinement approaches may be preferred in different settings.
	[bookmark: Proposal51824][bookmark: Proposal80328][bookmark: Proposal35665][bookmark: Proposal38862][bookmark: Proposal98863]Proposal 20: Study how the specification may support different SL beam refinement approaches, depending on different conditions (e.g., range, channel reciprocity) and requirements (e.g., latency), including:
	Exhaustive beam search
	P-2, P-3
	P-3, P-3


2.2.2	Beam tracking
As a result of relative motion between the SL UEs (A, B), UE rotation or changes in the surrounding environment (e.g., an object obstructing the LOS, a strong reflector (dis)appearing, etc.), the best beam pair at a given time may no longer be best at a later time. Thus, SL beams need to be tracked and maintained over time.
In order to maintain the optimal beam pair in a dynamic environment (e.g., V2X), periodic SL CSI-RS may be configured with a periodicity that is sufficiently short (e.g., 100ms) to deal with the expected rate of change. However, performing beam measurements too frequently may incur significant overhead and power consumption.
[bookmark: Obs62490][bookmark: Obs62463][bookmark: Obs29933][bookmark: Obs86739]Observation 21: Periodic beam measurements may be necessary to maintain the optimal beam in a dynamic environment, but too frequent beam measurements may incur high overhead and power consumption.
[bookmark: Proposal51826][bookmark: Proposal35666][bookmark: Proposal38863][bookmark: Proposal98864]Proposal 21: Study how to configure periodic or semi-persistent SL CSI-RS for all or a subset of candidate beams, depending on how quickly the channel is expected to change.
An alternative (or complementary) strategy is to trigger beam measurements on demand, e.g., based on a condition being fulfilled. For example, having established an initial beam pair (a’, b’), the UEs (A, B) may monitor the beam quality over time (e.g., based on SL CSI-RS), and only trigger measurements for other beams in case the beam quality (e.g., RSRP) degrades beyond a threshold.
[bookmark: Obs62491][bookmark: Obs62464][bookmark: Obs29934][bookmark: Obs86740]Observation 22: Aperiodic SL CSI-RS transmissions for measuring alternative beams may be triggered on demand based on the current beam quality degrading beyond a threshold.
[bookmark: Proposal51827][bookmark: Proposal35667][bookmark: Proposal38864][bookmark: Proposal98865]Proposal 22: Study trigger conditions for aperiodic beam measurement and reporting.
Another aspect that may be worth studying is how to prioritize measurement on some beams over others, especially if performing exhaustive measurements on all beam pairs is impractical or undesirable. For example, as illustrated in Figure 8, in LOS conditions, a future best beam pair (a2, b2), (a3, b3), etc., is likely to be adjacent to the present best beam pair (a1, b1) (e.g., as UEs move relative to each other). Thus, it may not be necessary or efficient to keep track of all possible beam pairs all the time.
[bookmark: Obs88485][bookmark: Obs62492][bookmark: Obs62465][bookmark: Obs29935][bookmark: Obs86741]Observation 23: In LOS conditions, a future best beam pair is likely to be adjacent to the present best beam pair.
[bookmark: Proposal80330][bookmark: Proposal51828][bookmark: Proposal35668][bookmark: Proposal38865][bookmark: Proposal98866]Proposal 23: Study how to optimize SL beam maintenance, e.g., by prioritizing adjacent beam measurements.
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[bookmark: _Ref127283291]Figure 8. In LOS conditions, a future best beam pair is often adjacent to the present best beam pair
2.2.3	SL CSI-RS enhancements for SL beam maintenance
In RAN1#112bis-e, the following was agreed regarding SL CSI-RS for SL beam maintenance:
	Agreement
Consider using sidelink CSI-RS as a starting point for beam maintenance.
	FFS: whether/how to enhance existing aperiodic and non-standalone SL CSI-RS
	FFS: periodic and/or semi-persistent SL CSI-RS transmissions 
	FFS: standalone SL CSI-RS transmissions
	Note: standalone SL CSI-RS transmission means at least no accompanying sidelink data (SL MAC SDU) transmissions in the same slot. FFS: accompanying SCI(s) or SL MAC CE transmissions or PSFCH.
	FFS: one or multiple SL CSI-RS transmissions within one slot
	FFS: SL CSI-RS transmissions with or without repetition on transmit beams


In RAN1#113, the following was further agreed regarding non-standalone SL CSI-RS:
	Agreement
For beam maintenance, consider non-standalone sidelink CSI-RS transmissions. 
	FFS physical layer structure, including enhancements of existing non-standalone sidelink CSI-RS
	FFS signaling details
	FFS timing details
	FFS whether non-standalone sidelink CSI-RS transmissions use the same or different transmit beam as accompanying data
	FFS whether/how to support multiple transmit beams for non-standalone sidelink CSI-RS in the same slot


Regarding the issue of whether non-standalone SL CSI-RS transmissions use the same or different transmit beam as the accompanying data, this may depend on whether the SL CSI-RS transmission overlaps in time with the accompanying SL data. Given the conclusion from RAN1#112bis-e to prioritize the case where a UE is incapable of simultaneous transmission using different beams, in order for a non-standalone SL CSI-RS transmission to use a different transmit beam, it would need to be TDMed with the accompanying SL data within the slot.
[bookmark: Obs86742]Observation 24: RAN1 has concluded to prioritize the case where a UE is incapable of simultaneous transmission using different beams in Rel-18.
[bookmark: Proposal98867]Proposal 24: A non-standalone SL CSI-RS transmission may use a different transmit beam than the accompanying SL data only if it is TDMed with the accompanying SL data within the slot.
Moreover, the following was further agreed regarding standalone SL CSI-RS:
	Agreement
For beam maintenance, consider standalone sidelink CSI-RS transmissions. 
	FFS physical layer structure
	FFS timing details
	FFS whether/how the same or different transmit beams are used in the same slot of standalone sidelink CSI-RS transmissions.
	FFS resources, resource allocation and resource indication 
	FFS signaling details
	Note: standalone SL CSI-RS transmission means at least no accompanying sidelink data (SL MAC SDU) transmissions in the same slot. FFS: accompanying SCI(s) or SL MAC CE transmissions or PSFCH.


One key reason for introducing standalone SL CSI-RS is to allow for intra-slot, symbol-wise TX/RX beam sweeping for fast measurement of multiple beams, as shown in Figure 5, Figure 6 and Figure 7. If multiple TX beams are swept across different symbols within a slot, symbols corresponding to TX beams pointing away from an intended RX UE may be received with a very low SNR or may not be detected at all. Similarly, if multiple RX beams are swept across different symbols within a slot, symbols corresponding to RX beams pointing away from an intended TX UE may be received with a very low SNR or may not be detected at all. If the fraction of symbols in a slot that are received with very low SNR is large, any SL-SCH data accompanying the SL CSI-RS transmission is unlikely to be successfully decoded. Thus, it may be futile to include SL-SCH data in such slots.
[bookmark: Obs62466][bookmark: Obs29936][bookmark: Obs86743]Observation 25: If multiple TX/RX beams are swept within a slot, many symbols may be received with very low SNR, thus it may be pointless to include SL-SCH data as it is unlikely to be successfully received.
[bookmark: Proposal35669][bookmark: Proposal38866][bookmark: Proposal98868]Proposal 25: Study standalone SL CSI-RS transmission for intra-slot TX/RX beam sweeping.
A more obvious reason for introducing standalone SL CSI-RS is that the UE may have no data to transmit at a given time, but may wish to transmit SL CSI-RS to maintain the beam for future data transmissions.
Similar to legacy PSCCH/PSSCH, standalone SL CSI-RS transmissions may rely on resource reservation and sensing, e.g., via SCI, as well as IUC. In this way, interference among standalone SL CSI-RS transmissions from different UEs, as well as interference between standalone SL CSI-RS transmissions and PSCCH/PSSCH transmissions may be reduced.
[bookmark: Obs62467][bookmark: Obs29937][bookmark: Obs86744]Observation 26: Standalone SL CSI-RS transmissions may be accompanied by SCI for resource reservation, similar to legacy PSCCH/PSSCH.
[bookmark: Proposal35670][bookmark: Proposal38867][bookmark: Proposal98869]Proposal 26: Study resource selection for standalone SL CSI-RS transmission, reusing mode 2 as a baseline.
Another possibility is to allow (semi-static or dynamic) multiplexing/coexistence of standalone SL CSI-RS with legacy PSFCH transmissions, as shown in Figure 9. This comes with several advantages:
(1)	The strict time-orthogonality of PSFCH occasions and PSCCH/PSSCH resources ensures no resource conflicts occur between PSFCH-multiplexed standalone SL CSI-RS transmissions and PSCCH/PSSCH transmissions.
(2)	The RSRP associated with decoded SCI provides a means for estimating the impact of a PSFCH-multiplexed standalone SL CSI-RS transmission on PSFCH reception.
(3)	AGC issues caused by transmission of standalone SL CSI-RS in the middle of a slot are avoided.
(4)	Backward compatibility with legacy Rel-16/17 UEs is ensured, if legacy UEs are configured with the same PSFCH occasions in a shared resource pool with Rel-18 UEs.
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[bookmark: _Ref141816967]Figure 9. Example of a PSFCH-multiplexed standalone SL CSI-RS transmission overlapping with legacy PSFCH transmissions for SL HARQ feedback
In case of dynamic multiplexing, a UE may determine expected PSFCH resource usage based on decoded SCI and the PSSCH-to-PSFCH resource mapping and take it into account for resource exclusion on upcoming PSFCH occasions, selecting SL CSI-RS resources so as to cause as little harm as possible to legacy PSFCH receivers (e.g., avoiding frequency overlap with nearby PSFCH receivers).
[bookmark: Obs86745]Observation 27: PSFCH occasions provide a natural choice for transmitting standalone SL CSI-RS, as their strict time-orthogonality with respect to PSCCH/PSSCH resources ensures a harmonious coexistence between PSCCH/PSSCH and standalone SL CSI-RS.
[bookmark: Proposal98870]Proposal 27: Study PSFCH-multiplexed standalone SL CSI-RS transmissions, including semi-static and/or dynamic coexistence, e.g., based on sensing and/or (pre-)configuration.
Standalone SL CSI-RS transmissions may be particularly prone to in-band emissions (IBE), especially if comb-based multiplexing is supported, as illustrated in Figure 10. In the current sensing and resource exclusion procedure (mode 2), candidate resources that overlap with reserved resources in time but not in frequency are currently not excluded. However, due to IBE and the near-far issue in SL, significant interference may be caused to nearby SL CSI-RS receivers even when there is no frequency overlap.
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[bookmark: _Ref141818825]Figure 10. Example of two (standalone) SL CSI-RS transmitter UEs (A, C) selecting adjacent (c1, c2) vs non-adjacent (e.g., maximally separated) (c’1, c’2) transmission combs
To address this, RAN1 could consider specifying resource exclusion also for the case where there is no frequency overlap, e.g., by introducing a distance-in-frequency dependent RSRP threshold. For example, the RSRP threshold may decrease proportionally with the distance in frequency (e.g., number of subcarriers) between a candidate resource and a reserved resource (indicated by a received SCI).
[bookmark: Obs86746]Observation 28: Standalone SL CSI-RS transmissions may be particularly sensitive to IBE, especially if comb-based multiplexing of standalone SL CSI-RS transmissions is supported.
[bookmark: Proposal98871]Proposal 28: For standalone SL CSI-RS resource allocation, support comb-based multiplexing and enhance the mode-2 resource exclusion by introducing a distance-in-frequency dependent RSRP threshold to exclude candidate resources even if they do not overlap in frequency with reserved resources (e.g., adjacent subcarriers).
The following was agreed in RAN1#113 regarding SL CSI-RS repetition on TX beams:
	Agreement
For beam maintenance, consider design details for sidelink CSI-RS transmissions with or without repetition on transmit beams.


As discussed above in connection with Figure 5, Figure 6 and Figure 7, similar to P-3 in Uu, a SL CSI-RS transmission burst consisting of SL CSI-RS repetitions (r1, r2, … , rN) (e.g., occupying different OFDM symbols within a slot) may be transmitted using a fixed TX beam, allowing the peer UE to perform RX beam sweeping to measure on each SL CSI-RS repetition with a different RX beam (b1, b2, … , bN). In order to allow each RX beam (b1, b2, … , bN) to be measured, the number of SL CSI-RS repetitions should be no less than the number of RX beams. To ensure this is the case, the UE that intends to perform the RX beam sweeping may request the peer UE to transmit a SL CSI-RS burst with an indicated number of repetitions, e.g., matching the number of RX beams it intends to measure. Alternatively, the UE performing the RX beam sweep may determine a number of RX beams to be swept based on an expected number of SL CSI-RS repetitions (e.g., indicated in a received SCI).
[bookmark: Obs86747]Observation 29: For RX beam sweeping, the number of SL CSI-RS repetitions should be no less than the number of RX beams to be swept.
[bookmark: Proposal98872]Proposal 29: For SL CSI-RS repetition on TX beams, a UE intending to perform RX beam sweeping may request the peer UE to transmit a SL CSI-RS burst with an indicated number of SL CSI-RS repetitions, e.g., matching the number of RX beams it intends to measure.
As described above in connection with Figure 7, exploiting TX/RX beam correspondence, fixed-beam SL CSI-RS transmission bursts may be used bidirectionally by a pair of UEs for SL beam maintenance, without causing any AGC issues in the associated slots. In this case, the timing of forward and reverse SL CSI-RS transmission bursts may need to be constrained to avoid stale beam measurements disrupting the beam alignment. For example, referring to Figure 7, if the reverse SL CSI-RS transmission burst (s1, s2, … , sM) occurs much later than the forward SL CSI-RS transmission burst (r1, r2, … , rN), the TX beam (b’) used for transmitting the reverse burst may no longer be optimal, e.g., due to UE mobility and/or changes in the surrounding environment. Thus, this may result in a suboptimal beam pair (a’, b’) being used. One possible way to prevent this is to specify a fixed timing relationship between forward and reverse bursts (e.g., in dedicated slots for SL CSI-RS transmission bursts). Another possibility is to specify a time window within which the reverse burst is expected after transmission of the forward burst. For example, when UE1 transmits the forward burst to UE2, UE1 may instruct UE2 to reply with a reverse burst within a (pre-)configured time window.
[bookmark: Obs86748]Observation 30: For two-sided RX beam sweeping, the timing of forward and reverse SL CSI-RS transmission bursts may need to be constrained to avoid stale beam measurements disrupting the beam alignment.
	[bookmark: Proposal98873]Proposal 30: To support two-sided RX beam sweeping for beam maintenance, specify either:
	A fixed timing relationship between forward and reverse SL CSI-RS transmission bursts, or
	A (pre-)configurable time window for transmission of the reverse SL CSI-RS transmission burst after transmission of the forward burst.



2.2.4	SL beam reporting contents and container for SL beam maintenance
In RAN1#112bis-e, the following was agreed regarding SL beam reporting for SL beam maintenance:
	Agreement
Consider one or more of the following items as sidelink beam reporting contents for beam maintenance: 
	Beam indication (e.g., CRI)
	L1-RSRP
	FFS: L1-SINR or other reporting contents if necessary enhancement is identified. 
	Note: This does not preclude performing beam maintenance without any beam reporting

Agreement
The container(s) of sidelink beam reporting for beam maintenance is at least selected from the following options:
	Option 1: SL PHY layer signal (e.g., PSFCH, SCI)
	Option 2: SL MAC CE
	FFS: PC5-RRC, Signaling over Uu link (e.g., UCI)


It is worth pointing out that, when TX/RX beam correspondence applies, SL beam maintenance (e.g., beam refinement, beam tracking, etc.) may be performed without any associated beam reporting, relying solely on bidirectional SL CSI-RS transmission and RX beam sweeping at each UE. As explained above in connection with Figure 7, this circumvents the AGC issue potentially caused by intra-slot TX beam sweeping by using instead intra-slot RX beam sweeping at both UEs, thus allowing for very fast acquisition of beam measurements, which may be essential in scenarios with high mobility (e.g., V2X).
[bookmark: Obs62468][bookmark: Obs29938][bookmark: Obs86749]Observation 31: In case of TX/RX beam correspondence, SL beam maintenance may be performed without any associated beam reporting.
[bookmark: Proposal35671][bookmark: Proposal38868][bookmark: Proposal98874]Proposal 31: Study the benefits of SL beam maintenance without any beam reporting, relying solely on bidirectional SL CSI-RS transmission and intra-slot RX beam sweeping at each UE.
In cases where beam reporting is necessary (e.g., when TX/RX beam correspondence does not hold), the contents of the beam report may be implicit, e.g., when PSFCH mapped to a strongest received SL CSI-RS is used as a means to indicate the best beam.
[bookmark: Obs62469][bookmark: Obs29939][bookmark: Obs86750]Observation 32: If PSFCH mapped to SL CSI-RS is used as container, the contents of the beam report are implicit.
[bookmark: Proposal35672][bookmark: Proposal38869][bookmark: Proposal98875]Proposal 32: For SL beam reporting for beam maintenance, study how PSFCH can be mapped to configured SL CSI-RS resources.
In RAN1#113, the following was agreed regarding PSFCH based beam reporting:
	Agreement
For beam reporting using PSFCH (if supported) in beam maintenance, study 
	Whether/how there is an association rule between PSFCH for beam reporting and sidelink CSI-RS (either standalone or non-standalone)
	FFS beam reporting content, 
	Whether/how PSFCH carries multiple beam reporting bits 
	Alt 1: New PSFCH format
	Alt 2: PSFCH format 0 by exploring the relationship with frequency and/or code domain resources
	Other alternatives are not precluded 
	FFS: PSFCH carries one beam reporting bit 
	FFS: whether beam reporting and sidelink HARQ ACK can be reported together, e.g., same or different PSFCH


The currently standardized PSSCH-to-PSFCH resource mapping defines a correspondence between a given slot-subchannel pair and a set of candidate PSFCH resources. However, standalone SL CSI-RS may occupy only a small portion of the resource elements (REs) within a slot-subchannel, without any accompanying SL data mapped to the remaining REs. In order to take advantage of the unused REs, standalone SL CSI-RSs may be TDMed by using different symbols within a slot and/or FDMed by using different subcarriers within a PRB, as shown in Figure 11. If PSFCH is used for beam reporting, then the granularity of the PSFCH resource mapping in time-frequency should be enhanced to allow a PSFCH transmission to indicate which of the multiplexed SL CSI-RSs the PSFCH refers to. For example, as shown in Figure 11, the legacy set of candidate PSFCH resources available for HARQ-ACK multiplexing corresponding to a given slot and subchannel(s) could be partitioned into subsets of equal size, each mapped to a different time-frequency allocation within the slot and subchannel(s). In this way, a PSFCH transmission may implicitly convey information related to the specific transmit beam and/or transmission comb used for the associated SL CSI-RS transmission.
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[bookmark: _Ref141821222]Figure 11. PSFCH resources mapped to different SL CSI-RSs multiplexed within the same slot-subchannel pair
[bookmark: Obs86751]Observation 33: The legacy PSSCH-to-PSFCH resource mapping may not have sufficient granularity to allow TDM/FDM of different SL CSI-RSs within a same slot-subchannel pair, potentially leading to ambiguities in beam reporting.
[bookmark: Proposal98876]Proposal 33: For PSFCH-based beam reporting, enhance the PSFCH resource mapping to allow mapping of different PSFCH resources to different SL CSI-RSs multiplexed in time/frequency within the same slot and subchannel(s).
Another potential enhancement related to PSFCH-based beam reporting is the introduction of a new dedicated PSFCH slot format to allow fast PSFCH receive beam sweeping, as shown in Figure 12, with different symbols within the slot configured for transmission/reception of PSFCH associated with different SL CSI-RS transmit beams. This would allow UE1 to perform receive beam sweeping using a set of PSFCH receive beams, corresponding to a set of SL CSI-RS transmit beams, to receive feedback from multiple directions within a single slot, rather than having to wait for PSFCH occasions across many slots or having to use a wide PSFCH receive beam covering the angular range of all the transmit beams, with a consequently lower PSFCH received signal quality.
[image: ]
[bookmark: _Ref141822774]Figure 12. Dedicated PSFCH slot format for fast PSFCH receive beam sweeping
[bookmark: Obs86752]Observation 34: With the current PSFCH resource mapping, UE1 may need to use a wide PSFCH receive beam covering the angular range of all its transmit beams, in order to be able to receive potential PSFCH transmission(s) from any of the associated directions, resulting in a lower PSFCH received signal quality.
[bookmark: Proposal98877]Proposal 34: Introduce a new dedicated PSFCH slot format to allow fast PSFCH receive beam sweeping within a slot.
In addition, the following was agreed in RAN1#113 regarding SL MAC CE based beam reporting:
	Agreement
For beam reporting using sidelink MAC CE (if supported) in beam maintenance, study 
	beam reporting content
	timeline, e.g., 
o	whether/how to reuse Rel-16 sidelink CSI reporting window as baseline for the association between sidelink beam reporting and sidelink CSI-RS resources. 
o	Periodic, aperiodic and/or semi-persistent reporting timeline


Using a SL MAC CE as container may allow for more detailed information to be shared with the peer UE (e.g., multiple L1-RSRP measurements for a set of best beams), thus allowing for more flexible beam selection (e.g., in case of multiple high-quality beams). However, the cost is increased overhead and latency for beam reporting compared to PSFCH. Thus, SL MAC CE may be better suited for low-mobility scenarios with a high probability of good beam diversity (e.g., in a factory floor), but not so for high-mobility scenarios with mostly LOS conditions (e.g., V2X). It is unclear whether L1-SINR may be a useful beam reporting quantity, as interference may vary significantly in different time-frequency resources, and interference avoidance is provided by the sensing and resource exclusion procedure and/or IUC.
[bookmark: Obs62470][bookmark: Obs29940][bookmark: Obs86753]Observation 35: Compared to PSFCH, SL MAC CE provides more capacity for beam reporting at the expense of increased overhead and latency, which may be beneficial in low-mobility scenarios in which measuring multiple good beams is likely.
[bookmark: Proposal35673][bookmark: Proposal38870][bookmark: Proposal98878]Proposal 35: Resource pool (pre)configuration determines whether PSFCH mapped to SL CSI-RS resources is used for implicit reporting of a single best beam or SL MAC CE is used to report multiple L1-RSRPs for a set of best beams, or both.
2.2.5	SL beam indication
In RAN1#113, the following was agreed regarding SL beam indication for SL beam maintenance:
	Agreement
For beam indication in sidelink beam maintenance, study sidelink TCI state mechanism: 
	Details of sidelink TCI state at least including/indicating e.g. sidelink TCI state ID, sidelink CSI-RS resource and Tx/Rx spatial filter related information
o	FFS: QCL types for sidelink 
[bookmark: _Hlk142566823]o	FFS: whether PSCCH and associated PSSCH always have the same TCI state 
o	FFS: whether the beam indication is via sidelink CSI-RS resource 
	Study the following optional beam indication candidate container 
o	SCI
o	sidelink MAC CE
o	PC5-RRC
o	FFS: activation time of indicated beam
	FFS: whether to reuse the Rel-17 unified TCI framework
	Study whether/how beam indication is sent by transmitter UE or receiver UE.
	FFS study beam indication in mode 1 on Uu interface


Given the conclusion from RAN1#112bis-e to prioritize the case where a UE is incapable of simultaneous transmission using different beams, in order for PSCCH to use a different TCI state (i.e., transmit beam) than the associated PSSCH, it would need to be TDMed with PSSCH within the slot. However, the current resource mapping allows for FDM of PSCCH and PSSCH within the same OFDM symbols.
[bookmark: Obs86754]Observation 36: The current PSCCH/PSSCH resource mapping allows FDM of PSCCH and PSSCH within the same OFDM symbols in a slot. RAN1 has concluded to prioritize the case where a UE is incapable of simultaneous transmission using different beams in Rel-18.
[bookmark: Proposal98879]Proposal 36: For beam indication in sidelink beam maintenance, PSCCH and associated PSSCH always have the same TCI state.
2.2.6	Control signaling for SL beam maintenance
In order to support SL beam pairing, new control signaling needs to be standardized for NR SL. Based on the SL beam pairing approaches described above, at least the following information may need to be exchanged by the UEs (A, B):
1.	SL beam capability: In order to determine appropriate SL CSI-RS resources for performing beam measurements, the following information may be required.
a.	Number of panels (P, Q) and/or (narrow) beams per panel (M, N) that are to be measured. In Figure 7, for example, 9 beams need to be measured within the selected panel. Thus, at least 9 SL CSI-RS symbols (one per beam) need to be transmitted. In some cases, more than one SL CSI-RS symbol may be needed per beam in order to ensure a sufficient beam measurement quality.
b.	Beam switching time. In Figure 7, for example, it has been assumed that beams can be switched fast compared to a symbol duration. Thus, consecutive symbols may be used for transmitting SL CSI-RS corresponding to different beams. However, if the time it takes to switch beams is comparable to (or larger than) a symbol duration, non-consecutive symbols may need to be configured for transmitting SL CSI-RS corresponding to different beams.
2.	SL CSI-RS resource configuration: In order to perform the appropriate beam measurements, the measuring UE (A or B) needs to know the time/frequency resource location of SL CSI-RS to be transmitted by the other UE (B or A). Such SL CSI-RS resources may be periodic, aperiodic, etc.
3.	SL CSI-RS measurement request: In case of aperiodic SL CSI-RS, a UE transmitting aperiodic SL CSI-RS (A or B) needs to trigger/request the measuring UE (B or A) to perform the beam measurements. Such a beam measurement request may be conveyed, e.g., by a 2nd-stage SCI, similar to the legacy CSI request.
4.	SL CSI-RS transmission request: In some cases, a UE (A) may explicitly request SL CSI-RS transmission by the other UE (B), e.g., in order to perform its own RX beam sweeping and determine a preferred TX beam (i.e., exploiting TX/RX beam correspondence). To improve beam measurement quality, such a SL CSI-RS transmission request may optionally indicate (preferred) resources for SL CSI-RS transmission by the other UE (B), similar to inter-UE coordination (IUC).
[bookmark: Obs62471][bookmark: Obs29941][bookmark: Obs86755]Observation 37: New control signaling is needed to support SL beam maintenance.
[bookmark: Proposal35674][bookmark: Proposal38871][bookmark: Proposal98880]Proposal 37: Study what information (SL beam capability, SL CSI-RS resource configuration, SL CSI-RS measurement request, SL CSI-RS transmission request, etc.) needs to be exchanged by the UEs for SL beam maintenance, and which layer (L1, L2, L3) may be used to convey such information.
2.3	SL Beam Failure Detection and Recovery
In case of an abrupt degradation of beam quality (e.g., due to an object suddenly or unexpectedly blocking the LOS), the UEs may detect a beam failure and trigger a SL beam failure recovery procedure.
2.3.1	SL beam failure detection (BFD)
In RAN1#112, the FL summary for AI 9.4.3 [4] summarized Uu BFD as follows:
	“In Uu link, the beam failure detection (BFD) works as follows. If the beam failure instance indication for a [BFD] reference signal (RS) is sent from PHY layer to MAC layer, the MAC layer will start a timer (beamFailureDetectionTimer) and increment a counter (BFI_COUNTER) by 1. When the counter value is larger than or equal to a threshold (beamFailureInstanceMaxCount), then the beam failure recovery (BFR) is triggered for this BFD RS. If the timer expires, then the counter is reset to 0. A beam failure instance is indicated when a layer-1 measurement (e.g., L1-RSRP) is less than a threshold.”


In RAN1#113, the following was agreed regarding SL BFD:
	Agreement
RAN1 can study the following two schemes to trigger sidelink beam failure instance (BFI) that PHY layer provides to MAC layer. 
	Scheme 1: Sidelink BFI is triggered based on PSFCH carrying sidelink HARQ feedback
o	Note: this scheme follows the principle of sidelink RLF.
	FFS any other enhancements
o	FFS whether/how to support candidate beam identification in case of BFD
o	FFS criteria of triggering sidelink BFI
o	FFS whether there is RAN1 impact 
	Scheme 2: Sidelink BFI is triggered based on the measurement of reference signal for BFD
o	Note: this scheme follows the principle of Uu BFR.
	 FFS any other enhancements
o	Consider the following reference signals for BFD 
	Periodic and/or semi-persistent sidelink CSI-RS
	S-SSB or its modified format
o	FFS criteria of triggering of sidelink BFI 
o	FFS whether/how to trigger the transmission of reference signal for BFD
	Other options are not precluded.


In SL, a beam failure may be detected by the TX UE (Scheme 1) and/or the RX UE (Scheme 2). A beam failure instance (BFI) may be indicated to the MAC layer at the RX UE based on degradation of beam quality (e.g., L1-RSRP) beyond a threshold, as in Uu. At the TX UE, a BFI may be indicated to the MAC layer based on the absence of expected HARQ feedback on a PSFCH occasion, similar to SL radio link failure (RLF) detection. However, this only applies in case HARQ feedback is enabled. Moreover, in case TX/RX beam correspondence does not hold, the PSCCH/PSSCH TX/RX beams may be different from the PSFCH TX/RX beams. Thus, an issue with the PSFCH transmission direction (causing the TX UE to receive no HARQ feedback) may not necessarily imply an issue with the PSCCH/PSSCH transmission direction. Thus, Scheme 1 may not be applicable in the absence of TX/RX beam correspondence.
In addition, in Scheme 1, candidate beam identification in case of BFD may anyway need to rely on RS measurements at the TX UE (e.g., based on periodic SL CSI-RS transmitted by the RX UE). Those RS measurements may be used for SL BFD at the TX UE (corresponding to Scheme 2 in the reverse link direction). Thus, the need for Scheme 1 is unclear.
[bookmark: Obs62493][bookmark: Obs62472][bookmark: Obs29942][bookmark: Obs86756]Observation 38: BFI indication at a TX UE based on the absence of expected HARQ feedback (Scheme 1) only applies in case HARQ feedback is enabled, and may not work well in case TX/RX beam correspondence does not hold.
[bookmark: Proposal51829][bookmark: Proposal35675][bookmark: Proposal38872][bookmark: Proposal98881]Proposal 38: Prioritize the study of Scheme 2 to trigger SL BFI.
2.3.2	SL beam failure recovery (BFR)
In RAN1#112bis-e, the following was agreed regarding SL BFR:
	Agreement
RAN1 is to study sidelink Beam Failure Recovery (BFR) mechanism at least for the scheme where SL BFI is triggered based on the measurement of reference signal for BFD (if supported), including
	candidate beam(s) identification 
o	FFS details on reference signals for candidate beam identification, including structure, procedure, timing.
	sidelink BFR request (BFRQ), including resources, transmit and/or receive beams, container, timing, etc. 
	sidelink BFR response (BFRR), including container, procedure, timing, etc.
	FFS applicability to the scheme where SL BFI is triggered based on SL HARQ feedback (if supported).


In RAN1#113, the following was further agreed regarding candidate beam determination (CBD):
	Agreement
At least for the scheme where sidelink BFI is triggered on measurement of BFD reference signal (if supported), for candidate beam determination (CBD)
	Consider the following reference signals for CBD
o	Sidelink CSI-RS or its modified format
	FFS details (e.g., resources, periodicity, transmit beams, timing, etc)
o	S-SSB or its modified format
	FFS criteria of determining candidate beam (e.g., largest RSRP measurement, RSRP measurement larger than a threshold, pre-determined during initial beam pairing, etc)
	FFS whether/how to trigger the transmission of reference signal for CBD


Regarding RS for CBD, SL CSI-RS may be transmitted periodically on multiple beams and in both link directions. In this way, new candidate beams may be quickly identified at both UEs, regardless of which UE detected the beam failure.
[bookmark: Obs62473][bookmark: Obs29943][bookmark: Obs86757]Observation 39: Two-way (i.e., bidirectional) periodic SL CSI-RS transmission on multiple beams allows quick candidate beam identification at both UEs, regardless of which UE detected the beam failure.
[bookmark: Proposal35676][bookmark: Proposal38873][bookmark: Proposal98882]Proposal 39: For CBD, SL CSI-RS transmission on multiple beams may be configured periodically and bidirectionally to allow candidate beam identification at both UEs.
In RAN1#113, the following was agreed regarding SL BFRQ:
	Agreement
At least for the scheme where sidelink BFI is triggered on measurement of BFD reference signal (if supported), for sidelink BFRQ, study
	Resources  
o	Option 1: associated with CBD reference signal, i.e. identified candidate beam
o	Option 2: within a responding window after CBD reference signal transmission
o	Option 3: Resources determined based on sensing and resource allocated after identification of a new beam.
o	Option 4: associated with BFD reference signal
o	Other options are not precluded
	Container
o	Option 1: PSFCH or modified PSFCH
o	Option 2: SCI
o	Option 3: sidelink MAC CE
o	Option 4: new channel associated with beam reporting in initial beam pairing phase
o	Other options are not precluded
	Transmit beam
o	Option 1: widest attainable beam
	FFS up to UE implementation  
o	Option 2: beam sweeping
o	Option 3: corresponding to the receive beam of identified candidate beam
o	Other options are not precluded 
	Content can be the BFD and/or new beam indication
	FFS: whether/how to support sidelink BFRQ in mode 1 including signaling to/from the network.


Similar to PRACH-based BFRQ in Uu, the SL BFRQ may be efficiently carried by means of PSFCH mapped to the SL CSI-RS with highest L1-RSRP (i.e., the best new candidate beam). This corresponds to Option 1 for container and resources in the above agreement. The PSFCH carrying the SL BFRQ can be transmitted using the receive beam associated with the identified best new candidate beam pair (Option 3 in the above agreement), exploiting TX/RX beam correspondence. The peer UE may monitor PSFCH using the same beam that was used to transmit the SL CSI-RS associated with that PSFCH. The RX UE can retransmit the SL BFRQ in a later PSFCH occasion if no SL BFRR is received within a certain time window of configurable size.
[bookmark: Obs62474][bookmark: Obs29944][bookmark: Obs86758]Observation 40: PSFCH mapped to SL CSI-RS provides a fast and efficient container for SL BFRQ.
[bookmark: Proposal35677][bookmark: Proposal38874][bookmark: Proposal98883]Proposal 40: SL BFRQ is transmitted via PSFCH mapped to the SL CSI-RS with highest L1-RSRP using the identified best RX beam as TX beam (i.e., exploiting TX/RX beam correspondence). The peer UE monitors PSFCH using the same beam that was used to transmit the associated SL CSI-RS.
In RAN1#113, the following was agreed regarding SL BFRR:
	Agreement
At least for the scheme where sidelink BFI is triggered on measurement of BFD reference signal (if supported), for sidelink BFRR, study
	Container
o	Option 1: SCI
o	Option 2: sidelink MAC CE
o	Option 3: PSFCH
o	Option 4: PC5-RRC
o	Other options are not precluded
	Transmit beam
o	Option 1: widest attainable beam
	FFS up to UE implementation 
o	Option 2: beam sweeping
o	Option 3: corresponding to the candidate beam indicated by the received BFRQ
o	Other options are not precluded 
	FFS: new beam indication (e.g., SL CRI, SL SSBRI)
	FFS: activation time of new beam 
	FFS: whether/how to support sidelink BFRR in mode 1 including signaling to/from the network


SL BFRR may be transmitted using SCI (Option 1), as it may be faster, more efficient and more reliable than higher-layer signaling (e.g., SL MAC CE, PC5-RRC, etc.). The SL BFRR may be transmitted using the transmit beam corresponding to the candidate beam indicated by the received SL BFRQ (Option 3), so that the UE that transmitted the SL BFRQ may assume the SL BFRR is QCLed with the RS associated with the candidate beam indicated in the SL BFRQ.
[bookmark: Obs86759]Observation 41: SCI may be faster, more efficient and more reliable than higher-layer signaling for SL BFRR transmission.
[bookmark: Proposal98884]Proposal 41: SL BFRR is transmitted via SCI using the transmit beam corresponding to the candidate beam indicated by the received SL BFRQ.
In some cases, candidate beam identification may not be possible or desirable (e.g., due to excessive overhead as a result of periodic SL CSI-RS transmission on multiple candidate beams). One straightforward strategy upon a SL beam failure on a narrow beam is to fall back to a wide beam (e.g., the widest attainable beam on the current panel). For example, in case the LOS is suddenly blocked causing a beam failure, a wide beam may still work thanks to strong reflectors in the surrounding environment. A wider beam pair may be used to maintain SL communication (albeit possibly at a lower data rate, due to lower TX/RX gain) while a narrower beam pair is restored.
[bookmark: Obs62494][bookmark: Obs62475][bookmark: Obs29945][bookmark: Obs86760]Observation 42: A wider beam may often work, although with lower SINR, in case a beam failure is detected on a narrow beam.
[bookmark: Proposal51830][bookmark: Proposal35678][bookmark: Proposal38875][bookmark: Proposal98885]Proposal 42: Study beam fallback mechanisms based on TX/RX beam widening.
Another possible strategy to enhance reliability is to exploit SL beam diversity. As shown in Figure 13, there may often be multiple strong reflectors, even in NLOS conditions, resulting in not one but multiple suitable beam pairs. For example, if two suitable beam pairs (a1, b1) and (a2, b2) exist and there is a sudden beam failure on (a1, b1), then (a2, b2) can be used to maintain SL communication (possibly at a similar data rate) while beam failure recovery is performed.
[bookmark: Obs88486][bookmark: Obs62495][bookmark: Obs62476][bookmark: Obs29946][bookmark: Obs86761]Observation 43: SL beam diversity may be used to maintain SL communication while recovering from a SL beam failure.
[bookmark: Proposal80331][bookmark: Proposal51831][bookmark: Proposal35679][bookmark: Proposal38876][bookmark: Proposal98886]Proposal 43: Study how SL beam diversity can be used to enhance resilience against SL beam failures.
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[bookmark: _Ref127288286]Figure 13. SL beam diversity (e.g., via multiple strong reflectors)
2.4	PSFCH TX/RX Beams
In RAN1#112bis-e, the following was agreed regarding PSFCH TX/RX beams:
	Agreement
Consider the following two options for determining PSFCH transmit/receive beam for a single PSFCH transmission/reception in a slot.
	Option 1: PSFCH transmit beam is derived from the corresponding PSCCH/PSSCH receive beam; PSFCH receive beam is derived from the corresponding PSCCH/PSSCH transmit beam. 
o	Note this is based on sidelink beam correspondence
	Option 2: PSFCH transmit beam is derived from the PSCCH/PSSCH transmit beam for reverse data transmission; PSFCH receive beam is derived from the PSCCH/PSSCH receive beam for reverse data transmission.
o	Note this is based on beam training for reverse data transmission
o	Note: The PSFCH transmit/receive beam can be the same as PSCCH/PSSCH transmit/receive beam used for the reverse data transmission.
	FFS: support both options or down select one option.


According to TS 23.304, the “PC5 unicast link is bi-directional”. However, the outcome of beam training may be different for each link direction (e.g., due to non-reciprocal reflectors, etc.). In addition, data rate requirements and/or interference may be substantially different in each link direction (e.g., see-through use case in V2X), thus one direction may require narrower beams than the other. On the other hand, narrower beams may be more prone to beam failure due to obstruction caused by objects in the surrounding environment or beam misalignment as a result of UE mobility. Thus, there are interesting tradeoffs such as higher SINR vs robustness to beam failure, etc. In Option 1, a beam failure will affect both PSCCH/PSSCH and its associated PSFCH similarly. In Option 2, a beam failure may affect PSCCH/PSSCH but not PSFCH, or vice versa.
[bookmark: Obs62477][bookmark: Obs29947][bookmark: Obs86762]Observation 44: Both Option 1 and Option 2 for determining PSFCH transmit/receive beam may have strengths and weaknesses in different situations.
[bookmark: Proposal35680][bookmark: Proposal38877][bookmark: Proposal98887]Proposal 44: Support both Option 1 and Option 2 for determining PSFCH transmit/receive beam for a single PSFCH transmission/reception in a slot.
The focus so far has been on PSFCH for HARQ feedback transmission/reception. There has been no discussion on PSFCH transmit/receive beams for transmission/reception of resource conflict indications, when enabled in the resource pool (sl-InterUE-CoordinationScheme2). One potential complication is that, if sl-TypeUE-A is enabled, a resource conflict may be indicated by a non-destination UE (UE-A) to the transmitter UE (UE-B). In this case, there may have been no prior beam alignment between UE-A and UE-B. In this case, UE-B may use the PSCCH/PSSCH TX beam which was used to transmit SCI indicating the conflicting resource reservation as PSFCH RX beam, and UE-A may use the PSCCH/PSSCH RX beam on which the resource conflict was detected during sensing as PSFCH TX beam.
[bookmark: Obs62496][bookmark: Obs62478][bookmark: Obs29948][bookmark: Obs86763]Observation 45: When sl-TypeUE-A is enabled, PSFCH for IUC scheme 2 may be transmitted by a non-destination UE (UE-A) which has not performed beam alignment with the transmitter UE (UE-B).
	[bookmark: Proposal51832][bookmark: Proposal35681][bookmark: Proposal38878][bookmark: Proposal98888]Proposal 45: For PSFCH transmission/reception related to IUC scheme 2, when UE-A is a non-destination UE of a TB transmitted by UE-B, if UE-A has not performed beam alignment with UE-B:
	UE-A uses the PSCCH/PSSCH RX beam on which the resource conflict was detected during sensing as PSFCH TX beam.
	UE-B uses the PSCCH/PSSCH TX beam which was used to transmit SCI indicating the conflicting resource reservation as PSFCH RX beam.


2.5	Multiple PSxCH Transmissions/Receptions in a Slot
In RAN1#112, the FL summary for AI 9.4.3 [4] included “Topic #7 Multiple beams for data reception”. Under this topic, the FL wrote:
	“In sidelink, a UE (say, UE-1) can have multiple unicast links with different UEs. The transmit beams to different UEs could be different and the receive beam from different UEs could be different.
Some companies (Huawei, vivo, DCM) mention that due to hardware restriction, UE-1 may only receive PSCCH/PSSCH using a single receive beam in a single slot. In case multiple UEs send PSCCH/PSSCH to UE-1 in the same slot, the receive beam used at UE-1 may not be proper for some receptions. […]
Given that initial beam pairing and beam maintenance are already achieved, the determination of which receive beam to use at a UE, in case the UE has simultaneous sidelink unicast reception for different unicast links using different receive beams […] may be further examined.”


The situation described by the FL above is illustrated in Figure 14 for a RX UE (A) and in Figure 15 for a TX UE (B).
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[bookmark: _Ref131074758][bookmark: _Hlk131516821]Figure 14. A RX UE (A) may not be capable of using different beams (a1, a2) to receive PSSCH from and/or transmit PSFCH to different TX UEs (B1, B2) in a slot
[image: ]
[bookmark: _Ref131074769]Figure 15. A TX UE (B) may not be capable of using different beams (b1, b2) to transmit PSSCH to and/or receive PSFCH from different RX UEs (A1, A2) in a slot
In some cases, these conflicts may be avoided by proper resource selection/allocation (e.g., based on IUC), as discussed below. If the conflict could not be avoided, the UE (A, B) may drop the PSxCH transmission/reception of lower priority (if applicable) or determine a single common RX/TX beam to receive/transmit both PSxCHs, e.g., based on beam measurements (RSRP, etc.). For example, the UE (A, B) may select a “best compromise” beam (e.g., a wider beam) (a3, b3) maximizing the lowest RSRP among the conflicting unicast links.
[bookmark: Obs62497][bookmark: Obs62479][bookmark: Obs29949][bookmark: Obs86764]Observation 46: A UE may not be capable of simultaneous PSxCH transmission/reception using different beams.
	[bookmark: Proposal51833][bookmark: Proposal35682][bookmark: Proposal38879][bookmark: Proposal98889]Proposal 46: In case of multiple PSxCH transmissions or multiple PSxCH receptions in a slot, the UE may either:
	Drop the PSxCH transmission(s)/reception(s) of lower priority, or
	Determine a single common TX/RX beam to transmit/receive the multiple PSxCHs.


To reduce PSFCH TX beam conflicts, beam information may be included in SCI. For example, referring to Figure 14, a TX UE (B1) may include in SCI an indication of a PSFCH TX beam to be used by the RX UE (A) for its PSFCH transmission. With this information available, during resource selection for PSCCH/PSSCH transmission to the RX UE (A), another TX UE (B2) may exclude candidate resources which would require the RX UE (A) to transmit multiple PSFCHs simultaneously (e.g., one PSFCH to B1 and another PSFCH to B2) using different PSFCH TX beams.
[bookmark: Obs86765]Observation 47: Without IUC (e.g., a received non-preferred resource set), a TX UE may not be able to avoid a PSFCH TX beam conflict at the RX UE.
[bookmark: Proposal98890]Proposal 47: A TX UE may indicate in SCI a PSFCH TX beam to be used by the corresponding RX UE. Other TX UEs which decode the SCI and intend to transmit to the same RX UE may exclude candidate resources which would require the RX UE to transmit PSFCH using different PSFCH TX beams simultaneously.
2.6	Resource Allocation Enhancements for Beamformed PSxCH Transmission/Reception
2.6.1	NR SL resource allocation mode 1 in FR2
In Rel-14/15 LTE SL scheduled resource allocation (mode 3), the following was standardized (3GPP TS 36.300, clause 23.14.1.1):
(1)	“In order to assist the eNB to provide sidelink resources, the UE in RRC_CONNECTED may report geographical location information to the eNB.”
(2)	“A UE using scheduled resource allocation may be configured to perform sensing and periodically report the sensing result.”
LTE SL is broadcast, thus geographic location information (1) is sufficient to determine whether two TX UEs may or may not use overlapping resources for their broadcast transmissions (e.g., based on physical proximity). Reporting the TX UE’s sensing result (2) (IE MeasResultSensing-r15 in 3GPP TS 36.331) was introduced in Rel-15 in order to enable resource pool sharing between mode-3 UEs and mode-4 UEs.
With beamformed NR SL transmission/reception in FR2, reporting UE geographical location information (1) and/or the TX UE’s own sensing result (2) may not be sufficient (or even necessary):
(1)	In FR2, nearby UEs may be able to use the same (or overlapping) transmission resources despite their physical proximity thanks to the spatially constrained transmission afforded by beamforming. Thus, geographical location information is not sufficient (or appropriate) to determine whether two TX UEs may use resources overlapping in time-frequency.
(2)	As a result of beamforming, the TX UE’s sensing result does not correctly capture the interference situation at the RX UE, due to the more severe hidden node problem (i.e., the RX UE may be exposed to beamformed PSCCH/PSSCH transmissions not detectable by the TX UE). In addition, resources deemed as occupied by the TX UE may not affect the RX UE, due to the more severe exposed node problem (i.e., the TX UE may be exposed to beamformed PSCCH/PSSCH transmissions not detectable by the RX UE), thus unnecessary resource exclusion may occur.
To deal with the more severe hidden/exposed node problems due to beamforming, instead of reporting its own sensing result, a TX UE (B) may request a preferred resource set (S1) from the RX UE (A) using IUC scheme 1, as shown in Figure 16. The preferred resource set (S1) may be determined at the RX UE based on RSRP measurements using the RX beam to be used for PSCCH/PSSCH reception (i.e., beamformed sensing). The received preferred resource set (S1) may then be refined at the TX UE, e.g., some preferred resources may be excluded based on information available at the TX UE, e.g., based on the TX beam to be used for PSCCH/PSSCH transmission. The remaining resources (S2) may be reported to the gNB for PSSCH scheduling.
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[bookmark: _Ref130909157]Figure 16. IUC scheme 1 may be used to assist NR SL resource allocation mode 1 in FR2
[bookmark: Obs62498][bookmark: Obs62480][bookmark: Obs29950][bookmark: Obs86766]Observation 48: The hidden node and exposed node problems are more severe in FR2 due to beamforming, rendering the TX UE’s sensing result (i.e., set SA as defined in clause 8.1.4 of TS 38.214) not useful for collision avoidance.
[bookmark: Proposal51834][bookmark: Proposal35683][bookmark: Proposal38880][bookmark: Proposal98891]Proposal 48: For NR SL resource allocation mode 1 in FR2, study how IUC scheme 1 may be re-used to report (non-)preferred resources for PSSCH scheduling by the gNB.
2.6.2	NR SL resource allocation mode 2 in FR2
In Rel-17, IUC schemes 1 and 2 were specified for NR SL resource allocation mode 2 assuming omnidirectional transmission/reception.
In order to take into account beamformed PSxCH transmission/reception in FR2, we think at least the following topics should be studied for IUC scheme 1:
(1)	Enhancement of preferred/non-preferred resource set determination at UE A
The RSRP measurements (PSCCH-RSRP or PSSCH-RSRP) used when excluding candidate resources from the preferred resource set or determining non-preferred resources based on overlapping resource reservations (Conditions 1-A-1 and 1-B-1) should accurately reflect the expected interference signal strength to be experienced during beamformed reception at UE A. Thus, such RSRP measurements should be performed using the RX beam to be used for PSCCH/PSSCH reception from UE B. In this way, unnecessary exclusion of resources reserved by UEs located outside of the RX beam’s receptive field can be avoided, thus increasing spatial reuse.
In addition to “resource(s) belonging to slot(s) where the UE does not expect to perform SL reception of a TB due to half-duplex operation” (Conditions 1-A-2 and 1-B-2), UE A may determine (non-)preferred resources based on its inability to transmit/receive on multiple beams simultaneously. For example, as shown in Figure 14, UE A may not be capable of using different beams (a1, a2) to receive PSCCH/PSSCH from and/or transmit PSFCH to different TX UEs (B1, B2) in a slot.
Similar enhancements could be considered for IUC scheme 2 (Conditions 2-A-1 and 2-A-2).
(2)	Enhancement of UE B behavior in its resource (re)selection upon receiving a preferred/non-preferred resource set
According to the currently specified UE B behavior, when performing resource (re)selection, a UE B which performs sensing (Option A) uses a received preferred resource set (S1) to select resources (in the MAC layer) from the intersection (S1∩SA) of the received preferred resource set (S1) and its own sensing result (SA). On the other hand, a UE B which does not perform sensing (Option B) selects resources from the received preferred resource set (S1). Furthermore, a UE B which performs sensing uses a received non-preferred resource set to exclude candidate resources (in the PHY layer) that overlap with the non-preferred resource set.
As discussed above, due to the increased severity of the exposed node problem as a result of beamforming (i.e., the TX UE may be exposed to beamformed PSCCH/PSSCH transmissions not detectable by the RX UE), unnecessary resource exclusion may occur. Conversely, UE B may not be able to detect some resource reservations by nearby TX UEs (e.g., due to beamformed SCI), thus UE B’s own sensing result (SA) may include reserved resources in which its transmissions would interfere with data reception at victim RX UEs located within the angular range of the TX beam to be used for PSCCH/PSSCH transmission to UE A. Thus, we believe that UE B’s own sensing result (at least as currently defined) may not be useful for resource selection in FR2.
One possible solution is to adopt Option B (i.e., UE B selects resources from the received preferred resource set) and rely fully on IUC scheme 2 to trigger resource reselection in case a resource conflict is indicated by a victim RX UE within the TX beam’s angular range. If relying completely on IUC scheme 2 is not desirable, UE B may use the TX beam to monitor IUC transmissions from potential victim RX UEs indicating non-preferred resources (e.g., triggered by Condition 1-B-1 Option 2) and exclude candidate resources overlapping with the indicated non-preferred resources.
In addition, resource selection at UE B may be enhanced to exclude candidate resources based on its inability to transmit/receive on multiple beams simultaneously. For example, as shown in Figure 15, UE B may not be capable of using different beams (b1, b2) to transmit PSCCH/PSSCH to and/or receive PSFCH from different RX UEs (A1, A2) in a slot.
Another potential issue is a UE’s inability to perform full sensing on multiple beams simultaneously, leading to “partial sensing in space”. For example, a UE may only be able to perform sensing on one panel at a time, e.g., sense using the front panel in even slots and sense using the back panel in odd slots, with a consequent loss of information (i.e., non-monitored slots) and reduced scheduling flexibility.
[bookmark: Obs62499][bookmark: Obs62481][bookmark: Obs29951][bookmark: Obs86767]Observation 49: Rel-17 IUC schemes 1 and 2 were specified under the assumption of omnidirectional transmission/reception.
	[bookmark: Proposal35684][bookmark: Proposal38881][bookmark: Proposal51835][bookmark: Proposal98892]Proposal 49: For NR SL resource allocation mode 2 in FR2, study IUC enhancements, including:
	Enhanced preferred/non-preferred resource set determination at UE A.
	Enhanced UE B behavior upon receiving a preferred/non-preferred resource set.


2.7	SL/UL Coexistence in FR2
SL communication may need to coexist with Uu communication in FR2. For example, as shown in Figure 17, a transmitter UE (A) may wish to transmit PUSCH and PSSCH using different TX beams, e.g., a narrow TX beam for a high-power PUSCH transmission to a distant gNB and a wide TX beam for a low-power PSSCH transmission to a nearby UE (B). The transmitter UE (A) may or may not be able to transmit on multiple panels simultaneously, and may or may not be able to simultaneously form more than one beam within a same panel. This may have an impact on SL resource allocation (mode 1 or mode 2), e.g., PSSCH and PUSCH transmissions may need to be TDMed.

[image: ]
[bookmark: _Ref134648305]Figure 17. Simultaneous PUSCH and PSSCH transmission on different TX beams
In addition, there may be Cross-Link Interference (CLI) caused by a PUSCH transmitter UE (A) (“aggressor UE”) to a PSSCH receiver UE (B) (“victim UE”), e.g., on a same FR2 carrier or adjacent FR2 carriers within the same band, especially if PUSCH and PSSCH use very different transmit powers (due to very different UL and SL pathloss). In certain cases, as shown in Figure 18, the aggressor PUSCH and the victim PSSCH may both be transmitted by the same UE (A), using the same or overlapping TX beams. CLI measurements (e.g., CLI-RSSI, CLI SRS-RSRP, etc.) performed at the potential victim UE (B) during PUSCH transmission(s) by the potential aggressor UE (A), or IUC information (e.g., non-preferred resources) determined based on such CLI measurements, may be reported to the potential aggressor UE (A) and/or the network (gNB), and used for improved PSSCH scheduling (mode 1) or resource exclusion (mode 2).
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[bookmark: _Ref134649302]Figure 18. Cross-Link Interference (CLI) between PUSCH and PSSCH (same or adjacent carriers)
[bookmark: Obs62482][bookmark: Obs29952][bookmark: Obs86768]Observation 50: SL beam management and resource allocation for beamformed PSxCH transmission/reception may be impacted by SL/UL coexistence requirements, either on a same FR2 carrier or adjacent FR2 carriers.
[bookmark: Proposal35685][bookmark: Proposal38882][bookmark: Proposal98893]Proposal 50: Study SL/UL coexistence in FR2, including cross-link interference (CLI) and its avoidance/mitigation.

3	Conclusions
[bookmark: ConclusionsPObsInSeq]In this contribution, we have the following observations and proposals:
3.1	SL Initial Beam Pairing

Observation 1: The availability at UE1 of UE2’s destination L2 ID cannot be assumed in general before the L2 link is established. As a result, initial beam pairing before L2 link establishment may lead to unnecessary beam measurement and reporting by many non-target neighboring UEs.
Proposal 1: For initial beam pairing before unicast link establishment, if supported, study how to address the issue of unnecessary beam measurement and reporting by irrelevant UEs.
Observation 2: Standalone SL CSI-RS transmissions (Alt 1-2) allow for intra-slot beam sweeping, enabling faster and more efficient initial beam pairing compared to non-standalone SL CSI-RS transmissions (Alt 1-3), however they may lack sufficient capacity to convey application-layer information useful in addressing the issue of unnecessary beam measurement and reporting by irrelevant UEs.
Proposal 2: Support both standalone (Alt 1-2) and non-standalone (Alt 1-3) SL CSI-RS as reference signals for initial beam pairing before unicast link establishment, with selection depending on scenario, use case and requirements.
Observation 3: PSCCH/PSSCH DMRS from a UE1 of interest (e.g., associated with UE1’s ongoing communications with other UEs) may be exploited opportunistically by UE2 for RX beam sweeping, thus saving time and overhead.
Proposal 3: Support PSCCH/PSSCH DMRS (Alt 1-4) as reference signals for initial beam pairing before unicast link establishment.
Observation 4: Periodic RS transmission for initial beam pairing before unicast link establishment may cause unnecessary resource overhead and power consumption.
Proposal 4: For initial beam pairing before unicast link establishment, if supported, study RAN1 criteria (e.g., congestion) for enabling/disabling RS transmission by UE1.
Observation 5: The implicit PSSCH-to-PSFCH resource mapping provides a fast and efficient mechanism for initial beam reporting during unicast link establishment.
Proposal 5: For initial beam pairing during unicast link establishment, PSFCH is used by UE2 to implicitly indicate one (or more) UE1 transmit beam(s) of PSCCH/PSSCH(s) which is/are successfully received.
Observation 6: Due to partial overlap among the initial beams and/or strong reflectors in the surrounding environment, multiple DCR messages may be successfully received by UE2.
Proposal 6: For initial beam pairing during unicast link establishment, consider the following alternatives to resolve ambiguities in PSFCH-based beam reporting:
Observation 7: If TX/RX beam correspondence is assumed, a stronger PSFCH received signal implicitly indicates a stronger beam pair.

	Proposal 7: For initial beam pairing during unicast link establishment:
	UE2’s PSFCH transmit beam is the same as its PSCCH/PSSCH receive beam.
	UE1’s PSFCH receive beam is the same as its PSCCH/PSSCH transmit beam.
	UE1 determines the best beam (among those indicated by UE2) based on the PSFCH received signal strength, based on whether ACK or NACK is indicated, and/or assumes that the latest received PSFCH corresponds to the best beam.



Observation 8: For a given PSFCH transmission occasion, UE1 may not be able to use more than one of its beams to monitor PSFCH from UE2.
Proposal 8: For initial beam pairing during unicast link establishment, UE1 uses the same PSCCH/PSSCH transmit beam when transmitting DCR repeatedly in slots associated with the same PSFCH transmission occasion, and uses that same beam as PSFCH receive beam for that PSFCH transmission occasion.
Observation 9: The latency for initial beam pairing during unicast link establishment can be minimized by allowing UE1 to transmit DCR repeatedly on each transmit beam in all slots associated with a PSFCH transmission occasion.
Proposal 9: For initial beam pairing during unicast link establishment, a number of DCR transmissions per UE1 transmit beam is (pre)configured to a value not smaller than sl-PSFCH-Period.
Observation 10: It may occur that UE2 responds to a successfully received DCR message with its first security establishment message before the best initial beam pair has been determined.
Proposal 10: Discuss whether UE2 should wait until it has determined the best initial beam pair before responding to UE1 with security establishment.
Observation 11: Except for very specific cases (e.g., wall-mounted UEs, see-through in V2X), omnidirectional TX/RX capability would seem to be required for UEs to be able to establish a SL unicast link prior to determining an initial beam pair. However, such capability may not be assumed in general in FR2.
Proposal 11: Initial beam pairing after unicast link establishment is not feasible as a general solution, e.g., for UEs without omnidirectional TX/RX capability in FR2 that may be exposed to frequent rotation.
Observation 12: Performing SL initial beam pairing after PC5 unicast link establishment may reduce the achievable communication range.
Proposal 12: Whether to perform initial beam pairing after link establishment (if feasible) may depend on scenario and use case requirements.
Observation 13: UE1 may not be aware of UE2’s destination L2 ID until it receives the first security establishment message from UE2. Thus, S-SSB reception may lead to many irrelevant UEs performing beam measurement and reporting unnecessarily.
Proposal 13: RAN1 to deprioritize the study of S-SSB enhancements for initial beam pairing.
Observation 14: Discovery messages sent over PSSCH are a better match than S-SSB for the actual behavior of SSB and can re-use all the existing mechanisms specified for PSSCH, such as resource allocation with collision avoidance.
Proposal 14: RAN1 to study discovery messages sent over PSSCH instead of S-SSB enhancements for initial beam pairing.
Observation 15: The current CSI-RS resource mapping (CSI-RS-ResourceMapping) does not allow a CSI-RS to occupy different frequency resources in different OFDM symbols.
Proposal 15: In order to mitigate interference between standalone SL CSI-RS transmissions from different UEs, especially before unicast link establishment, consider enhancing the CSI-RS resource mapping to allow a standalone SL CSI-RS to occupy different (e.g., (pseudo)randomly selected) frequency resources in different OFDM symbols.
Observation 16: By transmitting SL CSI-RS within PSSCH carrying DCR during unicast link establishment, mode-2 resource exclusion based on sensing and/or IUC can be leveraged to minimize SL CSI-RS interference to/from other SL CSI-RS transmissions as well as other SL transmissions.
Proposal 16: Use PSSCH as a container for non-standalone SL CSI-RS for initial beam pairing during unicast link establishment.
3.2	SL Beam Maintenance
Observation 17: In certain situations (e.g., long-range SL), sweeping the narrowest attainable TX beams concurrently with the narrowest attainable RX beams may be necessary to obtain reliable beam measurements, resulting potentially in a very long (multi-slot) search for the best beam pair.
Proposal 17: Study mechanisms to reduce the beam search space for SL beam refinement, especially for long-range SL using the narrowest attainable beams at each UE.
Observation 18: Intra-slot TX beam sweeping may cause an AGC issue at nearby RX UEs, due to a sudden, unexpected increase in instantaneous total received power in the middle of a slot.
Proposal 18: In order to overcome the AGC issue, specify power control or adaptation during intra-slot TX beam sweeping to compensate for the higher beamforming gain of the TX beams being swept compared to a wide beam used at the beginning of the slot.
Observation 19: TX/RX beam correspondence may be exploited to circumvent the AGC issue caused by intra-slot TX beam sweeping and significantly reduce the time needed for SL beam refinement.
Proposal 19: Study how TX/RX beam correspondence may be exploited for SL beam refinement, e.g., by performing P-3 in both link directions.
Observation 20: Different SL beam refinement approaches may be preferred in different settings.

	Proposal 20: Study how the specification may support different SL beam refinement approaches, depending on different conditions (e.g., range, channel reciprocity) and requirements (e.g., latency), including:
	Exhaustive beam search
	P-2, P-3
	P-3, P-3



Observation 21: Periodic beam measurements may be necessary to maintain the optimal beam in a dynamic environment, but too frequent beam measurements may incur high overhead and power consumption.
Proposal 21: Study how to configure periodic or semi-persistent SL CSI-RS for all or a subset of candidate beams, depending on how quickly the channel is expected to change.
Observation 22: Aperiodic SL CSI-RS transmissions for measuring alternative beams may be triggered on demand based on the current beam quality degrading beyond a threshold.
Proposal 22: Study trigger conditions for aperiodic beam measurement and reporting.
Observation 23: In LOS conditions, a future best beam pair is likely to be adjacent to the present best beam pair.
Proposal 23: Study how to optimize SL beam maintenance, e.g., by prioritizing adjacent beam measurements.
Observation 24: RAN1 has concluded to prioritize the case where a UE is incapable of simultaneous transmission using different beams in Rel-18.
Proposal 24: A non-standalone SL CSI-RS transmission may use a different transmit beam than the accompanying SL data only if it is TDMed with the accompanying SL data within the slot.
Observation 25: If multiple TX/RX beams are swept within a slot, many symbols may be received with very low SNR, thus it may be pointless to include SL-SCH data as it is unlikely to be successfully received.
Proposal 25: Study standalone SL CSI-RS transmission for intra-slot TX/RX beam sweeping.
Observation 26: Standalone SL CSI-RS transmissions may be accompanied by SCI for resource reservation, similar to legacy PSCCH/PSSCH.
Proposal 26: Study resource selection for standalone SL CSI-RS transmission, reusing mode 2 as a baseline.
Observation 27: PSFCH occasions provide a natural choice for transmitting standalone SL CSI-RS, as their strict time-orthogonality with respect to PSCCH/PSSCH resources ensures a harmonious coexistence between PSCCH/PSSCH and standalone SL CSI-RS.
Proposal 27: Study PSFCH-multiplexed standalone SL CSI-RS transmissions, including semi-static and/or dynamic coexistence, e.g., based on sensing and/or (pre-)configuration.
Observation 28: Standalone SL CSI-RS transmissions may be particularly sensitive to IBE, especially if comb-based multiplexing of standalone SL CSI-RS transmissions is supported.
Proposal 28: For standalone SL CSI-RS resource allocation, support comb-based multiplexing and enhance the mode-2 resource exclusion by introducing a distance-in-frequency dependent RSRP threshold to exclude candidate resources even if they do not overlap in frequency with reserved resources (e.g., adjacent subcarriers).
Observation 29: For RX beam sweeping, the number of SL CSI-RS repetitions should be no less than the number of RX beams to be swept.
Proposal 29: For SL CSI-RS repetition on TX beams, a UE intending to perform RX beam sweeping may request the peer UE to transmit a SL CSI-RS burst with an indicated number of SL CSI-RS repetitions, e.g., matching the number of RX beams it intends to measure.
Observation 30: For two-sided RX beam sweeping, the timing of forward and reverse SL CSI-RS transmission bursts may need to be constrained to avoid stale beam measurements disrupting the beam alignment.

	Proposal 30: To support two-sided RX beam sweeping for beam maintenance, specify either:
	A fixed timing relationship between forward and reverse SL CSI-RS transmission bursts, or
	A (pre-)configurable time window for transmission of the reverse SL CSI-RS transmission burst after transmission of the forward burst.



Observation 31: In case of TX/RX beam correspondence, SL beam maintenance may be performed without any associated beam reporting.
Proposal 31: Study the benefits of SL beam maintenance without any beam reporting, relying solely on bidirectional SL CSI-RS transmission and intra-slot RX beam sweeping at each UE.
Observation 32: If PSFCH mapped to SL CSI-RS is used as container, the contents of the beam report are implicit.
Proposal 32: For SL beam reporting for beam maintenance, study how PSFCH can be mapped to configured SL CSI-RS resources.
Observation 33: The legacy PSSCH-to-PSFCH resource mapping may not have sufficient granularity to allow TDM/FDM of different SL CSI-RSs within a same slot-subchannel pair, potentially leading to ambiguities in beam reporting.
Proposal 33: For PSFCH-based beam reporting, enhance the PSFCH resource mapping to allow mapping of different PSFCH resources to different SL CSI-RSs multiplexed in time/frequency within the same slot and subchannel(s).
Observation 34: With the current PSFCH resource mapping, UE1 may need to use a wide PSFCH receive beam covering the angular range of all its transmit beams, in order to be able to receive potential PSFCH transmission(s) from any of the associated directions, resulting in a lower PSFCH received signal quality.
Proposal 34: Introduce a new dedicated PSFCH slot format to allow fast PSFCH receive beam sweeping within a slot.
Observation 35: Compared to PSFCH, SL MAC CE provides more capacity for beam reporting at the expense of increased overhead and latency, which may be beneficial in low-mobility scenarios in which measuring multiple good beams is likely.
Proposal 35: Resource pool (pre)configuration determines whether PSFCH mapped to SL CSI-RS resources is used for implicit reporting of a single best beam or SL MAC CE is used to report multiple L1-RSRPs for a set of best beams, or both.
Observation 36: The current PSCCH/PSSCH resource mapping allows FDM of PSCCH and PSSCH within the same OFDM symbols in a slot. RAN1 has concluded to prioritize the case where a UE is incapable of simultaneous transmission using different beams in Rel-18.
Proposal 36: For beam indication in sidelink beam maintenance, PSCCH and associated PSSCH always have the same TCI state.
Observation 37: New control signaling is needed to support SL beam maintenance.
Proposal 37: Study what information (SL beam capability, SL CSI-RS resource configuration, SL CSI-RS measurement request, SL CSI-RS transmission request, etc.) needs to be exchanged by the UEs for SL beam maintenance, and which layer (L1, L2, L3) may be used to convey such information.
3.3	SL Beam Failure Detection and Recovery
Observation 38: BFI indication at a TX UE based on the absence of expected HARQ feedback (Scheme 1) only applies in case HARQ feedback is enabled, and may not work well in case TX/RX beam correspondence does not hold.
Proposal 38: Prioritize the study of Scheme 2 to trigger SL BFI.
Observation 39: Two-way (i.e., bidirectional) periodic SL CSI-RS transmission on multiple beams allows quick candidate beam identification at both UEs, regardless of which UE detected the beam failure.
Proposal 39: For CBD, SL CSI-RS transmission on multiple beams may be configured periodically and bidirectionally to allow candidate beam identification at both UEs.
Observation 40: PSFCH mapped to SL CSI-RS provides a fast and efficient container for SL BFRQ.
Proposal 40: SL BFRQ is transmitted via PSFCH mapped to the SL CSI-RS with highest L1-RSRP using the identified best RX beam as TX beam (i.e., exploiting TX/RX beam correspondence). The peer UE monitors PSFCH using the same beam that was used to transmit the associated SL CSI-RS.
Observation 41: SCI may be faster, more efficient and more reliable than higher-layer signaling for SL BFRR transmission.
Proposal 41: SL BFRR is transmitted via SCI using the transmit beam corresponding to the candidate beam indicated by the received SL BFRQ.
Observation 42: A wider beam may often work, although with lower SINR, in case a beam failure is detected on a narrow beam.
Proposal 42: Study beam fallback mechanisms based on TX/RX beam widening.
Observation 43: SL beam diversity may be used to maintain SL communication while recovering from a SL beam failure.
Proposal 43: Study how SL beam diversity can be used to enhance resilience against SL beam failures.
3.4	Other Issues
Observation 44: Both Option 1 and Option 2 for determining PSFCH transmit/receive beam may have strengths and weaknesses in different situations.
Proposal 44: Support both Option 1 and Option 2 for determining PSFCH transmit/receive beam for a single PSFCH transmission/reception in a slot.
Observation 45: When sl-TypeUE-A is enabled, PSFCH for IUC scheme 2 may be transmitted by a non-destination UE (UE-A) which has not performed beam alignment with the transmitter UE (UE-B).

	Proposal 45: For PSFCH transmission/reception related to IUC scheme 2, when UE-A is a non-destination UE of a TB transmitted by UE-B, if UE-A has not performed beam alignment with UE-B:
	UE-A uses the PSCCH/PSSCH RX beam on which the resource conflict was detected during sensing as PSFCH TX beam.
	UE-B uses the PSCCH/PSSCH TX beam which was used to transmit SCI indicating the conflicting resource reservation as PSFCH RX beam.



Observation 46: A UE may not be capable of simultaneous PSxCH transmission/reception using different beams.

	Proposal 46: In case of multiple PSxCH transmissions or multiple PSxCH receptions in a slot, the UE may either:
	Drop the PSxCH transmission(s)/reception(s) of lower priority, or
	Determine a single common TX/RX beam to transmit/receive the multiple PSxCHs.



Observation 47: Without IUC (e.g., a received non-preferred resource set), a TX UE may not be able to avoid a PSFCH TX beam conflict at the RX UE.
Proposal 47: A TX UE may indicate in SCI a PSFCH TX beam to be used by the corresponding RX UE. Other TX UEs which decode the SCI and intend to transmit to the same RX UE may exclude candidate resources which would require the RX UE to transmit PSFCH using different PSFCH TX beams simultaneously.
Observation 48: The hidden node and exposed node problems are more severe in FR2 due to beamforming, rendering the TX UE’s sensing result (i.e., set SA as defined in clause 8.1.4 of TS 38.214) not useful for collision avoidance.
Proposal 48: For NR SL resource allocation mode 1 in FR2, study how IUC scheme 1 may be re-used to report (non-)preferred resources for PSSCH scheduling by the gNB.
Observation 49: Rel-17 IUC schemes 1 and 2 were specified under the assumption of omnidirectional transmission/reception.

	Proposal 49: For NR SL resource allocation mode 2 in FR2, study IUC enhancements, including:
	Enhanced preferred/non-preferred resource set determination at UE A.
	Enhanced UE B behavior upon receiving a preferred/non-preferred resource set.



Observation 50: SL beam management and resource allocation for beamformed PSxCH transmission/reception may be impacted by SL/UL coexistence requirements, either on a same FR2 carrier or adjacent FR2 carriers.
Proposal 50: Study SL/UL coexistence in FR2, including cross-link interference (CLI) and its avoidance/mitigation.
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