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Introduction
Rel-16 MIMO is tasked to enhance various aspects of multi-beam operation in FR2, including [1]
· Perform study and, if needed, specify enhancement(s) on UL and/or DL transmit beam selection specified in Rel-15 to reduce latency and overhead 
· Specify UL transmit beam selection for multi-panel operation that facilitates panel-specific beam selection
· Specify beam failure recovery for SCell with DL/UL as well as DL-only, where PCell can be operating in FR1 as well as FR2 
· Specify measurement and reporting of either L1-RSRQ or L1-SINR
In the last meeting, some progresses have been made [2].
For purpose of further discussion on this topic for RAN1#96 and future meetings
Following multi-panel UE (MPUE) categories can be used for discussions on possible enhancements over Rel-15, if needed.
· MPUE-Assumption1: Multiple panels are implemented on a UE and only one panel can be activated at a time, with panel switching/activation delay of [X] ms
· MPUE-Assumption2: Multiple panels are implemented on a UE and multiple panels can be activated at a time and one or more panels can be used for transmission
· MPUE-Assumption3: Multiple panels are implemented on a UE and multiple panels can be activated at a time but only one panel can be used for transmission
Note: Above does not imply the support of either one or both of the categories but is only for efficient discussions at least for this meeting, which may also be updated further. Whether to support either one or both categories will depend on subsequent discussions
Note: There is no consensus among the companies in RAN1 whether MPUE-Assumption2 is in the work scope of Rel-16 WI

Agreement
If RAN1 cannot agree on the support of at least one of MPUE-Assumption1, MPUE-Assumption2, MPUE-Assumption3, enhancements on panel-specific beam selection for uplink will not be supported in Rel-16.
· Deadline for decision: RAN1#96bis

Agreement
· For SCell BFR, BFRQ shall be conveyed if UE declares beam failure
· UE shall convey new beam information during BFR procedure if new candidate beam RS and corresponding threshold is configured and at least if channel quality of new beam is above or equal to threshold
· FFS: whether no new beam identified could be included as a state of new beam information
· FFS: details if no new beam is above or equal to threshold

Agreement
For interference measurement of L1-SINR, down select one of the following in RAN1#96bis
· Alt 1: dedicated ZP IMR 
· Alt 2: dedicated NZP IMR 
· Alt 3: dedicated ZP IMR and dedicated NZP IMR
Companies are encouraged to provide use cases and benefit, e.g. throughput and gNB/UE complexity benefit for different alternatives
· L1-RSRP/CSI based beam selection could be baseline

Agreement
For signaling overhead reduction on updating/configuring spatial relation for PUCCH, support simultaneous spatial relation update/configuration for multiple PUCCH resources 
· FFS signaling details to be decided in next meeting, including down-selection/merging among the following options
· Spatial relation update for all PUCCH resources in a CC by one MAC CE
· Spatial relation update per Rel-15 PUCCH resource set
· Spatial relation update per group of PUCCH (which might need to be introduced for Rel-16) 
· PUCCH spatial relation info configured in a BWP could be applied across different BWP or different cells
· Other options are not precluded.

Agreement
In RAN1#96bis, determine whether to support the configuration of up to 64 candidate beams for BFR by RRC signaling.
· FFS signaling details including whether MAC-CE message can choose a subset of the candidate beams as active resources for new beam identification in Rel-16

Working Assumption
For UL beam management latency and overhead reduction, support MAC CE based spatial relation update for aperiodic SRS per resource level
· FFS: Whether this is a UE optional feature
· Note: Qualcomm prefers to have this as a UE optional feature
In this paper, we share our views on multi-beam enhancements. Section 2 is on latency/overhead reduction, Section 3 is on panel-based beam selection, Section 4 is on SCell BFR and Section 5 is on L1-SINR. Details on the solutions can be found in our companion papers [3]-[6] and details on simulations can be found in our companion papers [7][8].

Latency/overhead reduction
As studied in [3], the latency with Rel-15 BM may be caused by different reasons, one is the latency introduced by the signalling, especially, the RRC reconfiguration due to for signalling restriction and UE capability limitation, and the other is the time consumed to find the optimal beam pairs. And the system overhead with Rel-15 BM may be caused by the periodic transmissions of beam-swept reference signals, including SSB, CSI-RS for BM, TRS, etc., and by the strict restrictions on the scheduling availability on OFDM symbols carrying BM RS. In addition, in RAN1#96, signalling size reduction is also recognized as one way to reduce overhead, as implied by the agreement to support simultaneous spatial relation update/configuration for multiple PUCCH resources.
In this section, we do case-by-case studies based on two examples to reduce Rel-15 BM latency and overhead respectively. And more detailed solutions and performance evaluations can be found in [3].
Latency reduction for multi-beam operation
[bookmark: _Ref100655]The BFR-related RRC signalling restriction maxNrofCandidateBeams=16 means that a 64-Tx-beam gNB has to perform at 4 RRC reconfiguration for UEs moving inside a cell to maintain a reasonable set for new beam identification. In last meeting, there is a discussion and a conclusion was made that RAN1#96bis will decide whether 64 candidate beams for BFR by RRC signaling can be supported. In our understanding, to avoid frequent RRC reconfiguration and unnecessary delay for beam management, up to 64 candidate beams for BFR should be supported. 
Furthermore, BFR performance loss is reported by assuming RRC signalling restriction maxNrofCandidateBeams=16. As shown in the Table 1, simulation results suggest that fixing 16 candidate beams to a subset of 64 SSB beams (e.g., Rel-15 baseline), the chance of successful recovery is halved, compared with the case that all 64 SSB can be configured for new beam identification (i.e., upper bound). In fact, it means when UE encounters a sudden blockage, it can hardly find a candidate beam with good quality from the 16 configured candidates. 
Table 1 Performance comparison between fixed 16 candidate beams and all 64 beams for BFR
	Simulation cases
	*Probability of  interruption:
Prob(SNR<0dB)
	*Conditional probability of interruption:
Prob(SNR<0dB|blockage)

	Upper bound: 
maxNrofCandidateBeams=64
	8.6%
	44.4%

	Rel-15 baseline: 
maxNrofCandidateBeams=16
	19.5%
	99.6%


Considering the UE capability (e.g., some UE reports it can only support 16 candidate beams) and implementation complexity, MAC-CE signalling seems natural to be introduced to be more dynamic to choose part of them as active resources for new beam identification. Simulation results in Table 2 also show MAC-CE based solution can closely approach the upper bound by only searching ¼ of beams.
[bookmark: _Ref533757690]Table 2 Performance of MAC-CE activation 
	Simulation cases
	*Probability of  interruption:
Prob(SNR<0dB)
	*Conditional probability of interruption:
Prob(SNR<0dB|blockage)

	Upper bound:
maxNrofCandidateBeams=64
	8.6%
	44.4%

	Proposal:
maxNrofCandidateBeams=64
MAC-CE activates a subset
	10.2%
	52.3%


* The probability of interruption used here is the probability that SNR < 0dB, and conditional probability of interruption used here is the probability of SNR < 0dB conditioned on blockage event, where block event is defined as SNR dropped by 10dB and lasted over 50ms.
Thus we also support MAC-CE message to choose a subset as active resources for new beam identification, as stated in one of FFS from the last meeting, considering the trade-off between performance and complexity.
To sum up, we have the following proposal.
Proposal 1: Support configuring up to 64 candidate beams by RRC signalling and then MAC-CE message to choose a subset as active resources for new beam identification in Rel-16. 
Overhead reduction for multi-beam operation
The restrictions on the scheduling is very strict that those beam-sweeping RS may occupy the whole OFDM symbols and the beam-sweeping behaviour prevents the scheduling opportunity on those symbols. It is a huge overhead especially considering the large bandwidth in FR2. Assuming all 64 SSBs are configured to all UEs in the cell as BM resources, in Table 3, the overhead from scheduling restriction around SSBs, i.e., the ratio of the number of symbols occupied by 64 SSBs to the total number of OFDM symbols within one SSB period, are provided. As can be seen, the overhead is considerably large (> 10%) even with the typical configuration of 10 or 20ms SSB periodicity. It is true that the overhead can be reduced with a larger SSB periodicity, but the latency of initial access will be increased proportionally and hence is not a preferred solution. 
[bookmark: _Ref100721]Table 3 Overhead from scheduling restriction around SSB (120kHz SCS for PDSCH and SSB)
	SSB periodicity (ms)
	# of available DL symbols (DL:UL = 4:1)
	# of symbols for 64 SSBs
	Overhead

	10
	1120 * 0.8
	256
	28.57%

	20
	2240 * 0.8
	256
	14.29%


A possible solution can be relaxing the scheduling constraints in certain scenarios, for example, in certain SSB transmission duration when UE does not perform any RX beam sweeping, as shown in the figure below.

Figure 1. Two different UE receiving behavior for SSB reception (with/without UE Rx beam sweeping)
Proposal 2: For overhead reduction, study mechanisms to relax the scheduling restrictions over OFDM symbols carrying BM RS like SSB when UE does not perform Rx beam sweeping. 

Panel-based UL beam selection
Different UE assumptions on UE multi-panel capability have been proposed in last meeting. However, the discussions cannot converge, especially on whether to support MPUE-Assumption2, or, whether to support simultaneous multi-UE-panel transmission (STxMP), in Rel-16.
First of all, in our understanding, STxMP are out of the current scope. To be specific, the last part of current objective ‘that facilitates panel-specific beam selection’ has restricted RAN1 work to specify UL beam selection that facilitates panel-specific beam selection. It is clear that STxMP itself does not facilitate panel-specific beam selection. More specifically, STxMP can benefit from panel-specific beam selection, but itself does not facilitate panel-specific beam selection.
During offline discussions, some companies mentioned that in their understanding, STxMP was in the scope of discussion when the WID was approved and this didn’t mean it was agreed as a scheme to be specified. Based on this understanding, it is clear that STxMP has not been agreed as a scheme to be specified and hence precluded by the current specifying objective. 
In addition, supporting STxMP will increase UE power consumption and implementation complexity, which is already quite large in FR2. In [3], RAN4 indicated that in order for the UE to be able to optimize power consumption (switch on/off antenna panels that are not used), the UE should be given enough time from the moment it receives a command that leads to a change in Rx beam (or multiple changes within the same slot) to the moment that the switch has happened (e.g. aperiodic CSI-RS transmission). With this input, it is clear that power consumption in FR2 is a pressing matter and should be carefully considered, with which MPUE-Assumption2 (Multiple panels activated at a time and one or more panels can be used for transmission) becomes less relevant and not urgent. 
In addition, to support STxMP and MPUE-Assumption2, there are also other UE implementation restrictions such as accuracy of inter-panel calibration and total power limitation across UE panels to be better understood, which requires RAN4 involvement. It is also expected that the related standardization efforts will be quite significant and will not fit into the limited TU(s) in Rel-16. 
Moreover, some evaluations were also performed to check the difference between RSRP(s) received from two or four UE panels, and results are provided as below (assumptions follow [7]). It can be observed that, in some cases, the difference on received RSRPs across UE panels is quite large (with a probability of ~70% of being larger than 5dB and a probability of ~40% of being larger then 10dB, with 2 panels at UE). In such cases, the power imbalance between different panels should be considered in STxMP, such as non-constant UL codebook and imbalanced power allocation between antennas, which are also not included in the current scope of UL panel selection. 
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Figure 2. Distribution of difference between RSRP(s) received from different UE panels
Based on the discussions above, we have the following proposal:
Proposal 3: Do not support simultaneous multi-UE-panel transmission and MPUE-Assumption2 (multiple panels activated at a time and one or more panels can be used for transmission) in Rel-16.
Then, for MPUE-Assumption-3, i.e., multiple panels can be activated at a time but only one panel can be used for transmission, there are two issues to be addressed before it can be agreed: 
1. Even if multiple panels are activated (in stand-by mode), it may still require some time for panel/beam switching between different activated panels, similar as SRS antenna switching delay in Rel-15. The time gap may be at symbol-level, but need RAN4 to further discuss and confirm.
2. From UE perspective, in the case of multiple panels are activated, the power consumption is a big issue. So, it should allow UE to turn off (deactivate) partial panels to reduce power consumption. Detailed solutions can be further studied. 
In Rel-16, an identifier (ID) that can be used at least for indicating panel-specific UL transmission is supported. 4 alternatives are provided as follows. 
	RAN1 AH 1901 agreement
· Alt.1: an SRS resource set ID, where FFS on further association to other RS (if needed)
· Alt.2: an ID, which is directly associated to a reference RS resource and/or resource set 
· Alt.3: an ID, which can be assigned for a target RS resource or resource set
· Alt.4: an ID which is additionally configured in spatial relation info


Reusing SRS resource set ID as the panel ID is not preferred due to the following drawbacks. 
1. When multiple periodic/semi-persistent/aperiodic SRS resource sets are configured, it is unclear how a UE maps the configured SRS resource sets to its panels for gNB, the knowledge of which is preferable for efficient panel-specific UL beam selection and also better interoperability. In addition, it is also unclear whether there should be and how to achieve some correspondence or limitation on SRS resource sets transmitted on the same panel, but with different time domain behaviours. Intuitively, such correspondence seems needed as these SRS resource sets are to be transmitted on same UE Tx panel and having it known to gNB can facilitate gNB scheduling and also reduce UE implementation complexity. 
2. It is indicated by RAN4 in [3][4] that a UE may autonomously turn off some of its panels for power saving purposes. To maintain interoperability in FR2, it is highly desirable to maintain a mutual understanding on UE panel status between gNB and UE. An aperiodic SRS resource can be configured and triggered, while a semi-persistence SRS resource set can be activated or deactivated. For an aperiodic SRS resource set, it is unclear whether UE will keep the corresponding Tx panel in active status all the time until this SRS resource set is released by RRC reconfiguration. For a semi-persistent SRS resource set, it is unclear whether UE will turn off the corresponding Tx panel and forget the beams used for previous transmissions once it is deactivated. With these in mind, it appears to reuse/modify the connection (if any) between SRS resource set and UE panel is obscure and burdensome when striving to achieve aligned understanding between gNB and UE on UE panel status. 
3. When comes to panel-specific DL beam selection, it is unclear how SRS resource set can be used to represent a DL Rx panel. In this sense, reusing the concept of SRS resource set (if there is really anything to be reused) seems not compatible to panel-specific DL beam selection, which is important for DL-only deployment of FR2 SCell (with PCell with UL operating in FR1, agreed as an important scenario in beam failure recovery session), where SRS resource set may not be configured at all.
A new ID is preferred over reusing SRS resource set ID as the panel ID is mainly due to the following advantages:
1. If the design in Rel-15 is considered to be applicable to single-UE-panel case only, having a new identifier to represent a UE Tx panel is simply a new dimension on top of the existing design and can be incorporated smoothly. For example, beam indication in Rel-15 uses the concept of “reference RS” for both DL and UL. One target RS can be configured with one “reference RS”, and the beam used for receiving/transmitting the “reference RS” should be used to receive/transmit the target RS. The function of the new panel identifier is different from existing beam indication due to the fact that one panel will be able to generate multiple different beams, and such panel ID can be used to limit beam training procedure to one specific UE panel, facing certain direction.
2. It will be easier to regulate the configured SRS resource sets corresponding to one UE Tx panel, e.g., to assign the same panel identifier to multiple SRS resource sets with different time-domain behaviours. 
3. With a new panel identifier, it is also more convenient to design mechanisms to align understanding on UE panel status between gNB and UE, without strong necessity to connect to configuration, reconfiguration, activation or deactivation of SRS resource sets. 
4. With the new panel identifier, both of the UE Rx panel and Tx panel can be defined/abstracted to support the panel selection mechanism at least when beam correspondence holds. 

On how to use the new panel ID, Alt-2 – Alt-4 were listed. 
· Alt.2: an ID, which is directly associated to a reference RS resource and/or resource set 
Our interpretation of this approach is NW to assign this ID referring a reference RS to perform panel indication for a targeted RS. The panel used for receiving/transmitting the reference RS should be used for receiving/transmitting the target RS. In other words, this ID is merely a low-overhead indicator of the reference RS. 
With this approach, if no further enhancement, the UE will be responsible of selecting panel for reference RS (e.g., SSB or CSI-RS if beam correspondence holds) from the beginning, panel management is still largely left to UE implementation. If a UE chooses to receive/transmit on one panel only, NW will not be able to instruct UE to perform panel selection at all, which does not meet the WID requirement.  
· Alt-3: an ID, which can be assigned for a target RS resource or resource set
With Alt-3, the defined ID can represent a UE panel. For SRS resource/set(s) without beam indication, the configured panel ID can be used for indicating panel-specific UL beam training. Assuming the two UE panels are facing two opposite directions (the front and back side), such mechanism will allow gNB to instruct UE to measure UL beams on one specific panel, either pointing to the front side or the back side. On this line, if the UL beam indication framework in Rel-15 is not to be further enhanced, subsequent UL beam indication can reuse existing spatial relation indication framework, and the SRS resource contained in spatial relation implicitly refers to a UE panel without a need to explicitly include a panel ID. 
[image: ]
Figure 3. Use case for Alt-3
Still, it is worthwhile to study further whether there is need to have both panel indication and spatial relation indication, and the relation between them, in different use cases and scenarios. 
·  Alt-4: an ID which is additionally configured in spatial relation info 
Spatial relation info, containing either SSB or CSI-RS or SRS index, is used for UL beam indication for SRS and PUCCH in Rel-15. Including an additional and optional ID within the spatial relation info can help indicating panel-specific UL transmission, assuming one ID corresponds to one UE Tx panel. However, in Rel-15, UE should use exactly the Rx beam used for receiving SSB or CSI-RS to transmit the corresponding SRS or PUCCH. If the additional ID is introduced in Rel-16, the UE behavior may need to be revised, as the indicated panel may be different from the one used for receiving SSB or CSI-RS or transmitting SRS, and in this case, some flexibility may be given to UE to reshape the Tx beam. While conceptually Alt-4 may work, more study on the next-level details is needed. 
Based on the discussions above, we have the following proposal:
Proposal 4: For indicating panel-specific UL transmission, support Alt-3 (an ID, which can be assigned for a target RS resource or resource set) and/or Alt-4 (an ID which is additionally configured in spatial relation info).

Beam failure recovery for SCell
It was agreed in RAN1#96 that UE can transmit BFRQ when beam failure is declared, even with no new beam identified. There would be several different cases, for example, if candidate beam RS and corresponding threshold are configured and the quality of new beam is above the threshold, it is natural for UE to report new beam information. On the other hand, if no new candidate beam can hit the configured threshold, whether the ‘no-new-beam’ state should be included in BFRQ for SCell BFR is still FFS. 
From the gNB detection complexity perspective, it is preferred that BFRQ is with a fixed-size payload, which should convey failed CC index and new beam information (if any). For example, ‘no-new-beam’ can be designed as a special state which has a fixed bit length as new beam information to have a fixed-size payload BFRQ for SCell BFR in Rel-16. 
Proposal 5: The event that ‘no new beam is identified’ should be reported to gNB for SCell BFR.
For sending BFR request, multiple and different solutions have been raised in previous RAN1 meetings such as RACH based solution, PUCCH based solution, MAC-CE based solution and their combinations. A brief analysis on the latency and overhead of these three different solutions is provided as follows.
In the RACH-based scheme, contention free PCell PRACH resources can be associated with candidate beams of each SCell, as the most straightforward BFRQ transmission method. However, the PCell UL overhead may be unbearable, especially for the case that a UE is configured with multiple SCells. One enhanced PRACH based BFR scheme is that UE indicates beam failure via a dedicated PRACH resource, and transmits the new beam information via the subsequent PUSCH transmission on PCell. 
In the PUCCH based BFR scheme, dedicated PUCCH BFR resource is allocated for carrying new beam information. As the resources are dedicatedly reserved for each UE no matter it transmits the beam failure recovery request or not, it will lead to a high overhead. One enhanced PUCCH based BFR scheme can be puncturing content on PUCCH used for other functionality to carry beam failure recovery request information when beam failure happens, which will consume less resources.
In the MAC-CE based BFR scheme, MAC-CE on PCell is used to indicate beam failure event and the new beam. As beam failure is a burst event, using aperiodic resource to carry beam failure recovery request can save overhead. However, UE should ask gNB for the grant of the uplink resource before MAC-CE transmission. Currently specified SR procedure is a natural method used for requesting uplink resource. If it is the case, MAC-CE based BFR for SCell will introduce a much larger latency due to the possible 5 steps (SR -> UL grant -> Buffer State Report (BSR) -> UL grant -> BFRQ information) for beam failure recovery request transmission.
More analysis on the pros and cons of different solutions can be found in [5]. Considering that different companies may have a different design on the PRACH/PUCCH/MAC-CE based SCell BFR, it is encouraged that companies to report their detailed solutions and then the performance comparisons and down selection can be followed. But based on the analysis above, we have the following proposal.
Proposal 6: Support UE to indicate SCell beam failure event via dedicated PRACH, and to report {failed SCell ID and new beam information} via aperiodic L1-report.

DL BM with L1-SINR
Based on the discussion in the last meeting, the type of dedicated interference measurement resources are to be down-selected among NZP IMR, ZP IMR, or both. 
The enhancement of L1-SINR based beam management is to select suitable beams for multiple users in the network considering the impact of inter-user or inter-beam interference among different UEs. With ZP IMR, only the mixed interference (via average interference power per RE) can be estimated. It will be difficult to be used for beam selection especially considering the resource-wise association between CMR resource and CSI-IM resource in Rel-15 CSI framework, by which one could not emulate inter-beam interference situation with multiple candidate and interfering beams. In addition, even more than one ZP IMR can be associated with one CMR, to estimate interference for each beam, a dedicated ZP IMR (cannot overlap in REs) is required, so huge resource overhead from ZP IMR can be expected.   
Different from ZP IMR based L1-SINR, NZP IMR is more efficient and accurate to reflect the exact interference from different beams. As discussed in Rel-15, NZP IMR can be used to emulate the beam interference from gNB side. So, the interference from different beams can be estimated accurately, which is not only the average power as ZP IMR does. Then, for the RS overhead perspective, the overhead can be reduced significantly by using NZP IMR, compared with the case using multiple non-overlapping ZP IMRs. It is due to the reason that NZP CSI-RS based interference estimation can be based on channel or channel covariance estimation, so different UEs could share common NZP CSI-RS resources. It means that gNB transmission on the REs of one NZP CSI-RS resource can be configured as NZP CMR for one UE and NZP IMR for the others. Therefore, the BM RS overhead is reduced from the network perspective. 
As to the inter-cell interference, there are also several alternatives. One simple solution is to estimate by calculation of residual power distribution on NZP CMR RE(s). Another solution is similar as in [9] from Rel-15 discussion that NZP CSI-RS resources can be pre-allocated or predefined in the overlapped resources, and then the inter-cell interference can be accurately estimated by subtracting the estimated signal channels from total estimated channels. It is worth noting that ZP IMR provides only a mixed and outdated interference estimation, as the estimated interference is from the currently mixed interference source(s) and may not the same as the interference during follow-up data transmission.
Based on the analysis above, the NZP IMR based L1-SINR for beam selection is accurate to reflect the beam quality and also low RS overhead. So, it should be supported.
Proposal 7: Support at least NZP CSI-RS based interference measurement resources for L1-SINR.
In the following, we demonstrate simulation results for ZP CSI-RS based and NZP CSI-RS based L1-SINR for beam selection compared to Rel-15 L1-RSRP based beam selection respectively, where the solutions in the simulation is listed as follows:
· R15 baseline: L1-RSRP based beam selection.
· ZP IMR based L1-SINR: ZP IMRs are configured in an independent resource setting. Resource-wise association is assumed between CMR resources and ZP IMR resources, as in Rel-15. L1-SINR is obtained from the division between CMR signal strength and power distribution on corresponding ZP IMR RE.
· NZP IMR based L1-SINR: IMRs are configured in a separate resource setting. Each IMR resource emulates the interference from one interfering beam. Information on the interfering beams is reported so that interference avoidance can be done by gNB scheduler.
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Figure 4. ZP IMR based L1-SINR vs. NZP IMR based L1-SINR
Figure 4 shows that, ZP IMR based L1-SINR fails to obtain any performance gain due to the reasons that inter-beam interference is neglected and the interference situation captured in ZP IMR based L1-SINR is outdated. Consequently, the beam with a higher ZP IMR based L1-SINR may actually perform worse as it may suffer from a larger inter-beam interference, which UE could not measure from ZP IMR RE(s). In addition, even compared with the beam with maximum L1-RSRP, the beam with higher ZP IMR based L1-SINR performs slightly worse due to the fact that interference estimated during measurement procedure may be vanished during actual transmission. NZP IMR based L1-SINR, on the other hand, can achieve a significant performance gain of 22.1% due to its ability to reflect the interfering situation among multiple concurrent beams in use. With further inter-beam interference information, the gNB is able to perform interference avoidance to alleviate the interference between the beams scheduled simultaneously in MU scheduling. ZP+NZP IMR based L1-SINR is expected to have the similar performance since inter-cell interference can already be estimated by NZP CMR by the calculation of residue power on those REs, as mentioned before.
Observation 1: There is no gain from L1-SINR based beam selection if ZP IMR is used, however, 22% performance gain can be obtained by adopting NZP IMR. 
To fully embrace the gain of interference-awareness, only reporting (NZP IMR based) L1-SINR may be not enough. As reported in our companion paper [6], compared with L1-RSRP based beam measurement and reporting, the gain is about 5% by choosing a beam that experience best (NZP IMR based) L1-SINR. Beam reporting including both L1-SINR and information on interfering beams, gNB can avoid simultaneous transmission of mutually interfering beams, which would result in ~22 % performance gain, as shown in Figure 4.
Observation 2: Larger performance gain can be obtained when interference avoidance is applied by not scheduling mutually interfering beams.
Proposal 8: Reporting the IMR information used to measure L1-SINR along with the L1-SINR can be considered.
Another issue of L1-SINR reporting is how to configure the dedicated interference measurement resources. In this following, we share our views on IM resources configuration mechanism. More details can be found in [6].
There could be two alternatives as follows for IMR configuration and we find that they could be more efficient than each other in different situations.
· Alt 1: Channel measurement resources (CMRs) and interference measurement resources (IMRs) are configured in the same resource setting.  
· Alt 2: CMRs and IMRs are configured in two separate resource settings similar to the CSI measurement framework specified in 38.214.
In one case, if gNB intends to measure the interference from other UE beam pairs to refine MU scheduling scheme, Alt-1 could lead to tremendous complexities. For ease of read, let us make the following assumptions: serving beam and the beams around (i.e., the beam marked in Orange in Figure 3) should be used for channel measurement purpose, and other concurrent UE’s serving beams (i.e., the beam marked in Green in Figure 5) are used for interference measurement purpose and they are usually non-overlapping, i.e., not the same beams. In this case, if the gNB instructed UE to measure the inter-beam interference, it is more reasonable to configure the CMRs and IMRs in separate resource settings. If they are configured in the same resource setting, the UE will not know which resource is for channel and which resource is for interference. As shown in Table 4, the computation complexity would be much higher without bringing any benefits.
Proposal 9: For L1-SINR, support configuring CMRs and IMRs in two separate resource settings.
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Figure. 5 Beams for channel measurement and beams for interference measurement
Table 4 Computational complexity of Alt-1 and Alt-2
	
	Resource configuration
	SINR computation complexity

	CMR and IMR in one setting
	Setting 1 {17, 32, 33, 34, 49, 22, 25, 43, 53, 56}
	10 * 9 = 90 (25 valid L1-SINR, 65 useless L1-SINR)

	CMR and IMR in different settings
	Setting 1 {17, 32, 33, 34, 49}
Setting 2 {22, 25, 43, 53, 56}
	5 * 5 = 25 (25 valid L1-SINR)


In the other case, if gNB intends to find suitable beams to the same UE to better transmit data simultaneously using multiple beams, Alt-1 can be more efficient to measure the mutual interference of different beams of the same UE. By using Figure 5 for illustration purpose, in this case, only serving beam and the beams around (i.e., the beam marked in Orange in Figure 5) should be used for both channel and interference measurement purpose and the UE should try to compute L1-SINR by evaluating mutual interference between the potential serving beams. Considering the requirement of simultaneously receivable is implied via group-based reporting in Rel-15, we have the following proposal.
Proposal 10: When group-based beam reporting is enabled for L1-SINR reporting, support reusing NZP CSI-RS resource(s) configured for channel measurement as resource(s) for interference measurement. 

Summary of proposals
The observation and proposals of this paper are summarized as follows. 
Observation 1: There is no gain from L1-SINR based beam selection if ZP IMR is used, however, 22% performance gain can be obtained by adopting NZP IMR. 
Observation 2: Larger performance gain can be obtained when interference avoidance is applied by not scheduling mutually interfering beams.
Proposal 1: Support configuring up to 64 candidate beams by RRC signalling and then MAC-CE message to choose a subset as active resources for new beam identification in Rel-16. 
Proposal 2: For overhead reduction, study mechanisms to relax the scheduling restrictions over OFDM symbols carrying BM RS like SSB when UE does not perform Rx beam sweeping. 
Proposal 3: Do not support simultaneous multi-UE-panel transmission and MPUE-Assumption2 (multiple panels activated at a time and one or more panels can be used for transmission) in Rel-16.
Proposal 4: For indicating panel-specific UL transmission, support Alt-3 (an ID, which can be assigned for a target RS resource or resource set) and/or Alt-4 (an ID which is additionally configured in spatial relation info).
Proposal 5: The event that ‘no new beam is identified’ should be reported to gNB for SCell BFR.
Proposal 6: Support UE to indicate SCell beam failure event via dedicated PRACH, and to report {failed SCell ID and new beam information} via aperiodic L1-report.
Proposal 7: Support at least NZP CSI-RS based interference measurement resources for L1-SINR.
Proposal 8: Reporting the IMR information used to measure L1-SINR along with the L1-SINR can be considered.
Proposal 9: For L1-SINR, support configuring CMRs and IMRs in two separate resource settings.
Proposal 10: When group-based beam reporting is enabled for L1-SINR reporting, support reusing NZP CSI-RS resource(s) configured for channel measurement as resource(s) for interference measurement. 
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