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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, the following agreements have been made [2].
Agreement
In Rel-16, only introduce specification enhancement for MPUE-Assumption3
· 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 that this does not require a UE to always activate multi-panels simultaneously
· Note: UE can control the panel activation/deactivation 
· Possible use cases at least include
· (General) UL coverage enhancement for FR2 considering the UE power consumption 
· Discussion topics in Rel-16 include:
· Details on the identification for a panel and corresponding panel definition
· Any enhancement introduced in Rel-16 should take further enhancement of simultaneous transmission across multiple panels for future releases into account. 
This is a UE optional feature
Agreement
The working assumption made in RAN1#96 is confirmed
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
FFS: Whether above is applicable regardless of the aperiodic SRS target use
Agreement
Simultaneous update/indication of a single spatial relation per group of PUCCH is supported by using one MAC CE 
· As a starting point, the group should correspond to all the PUCCHs in a BWP when a single active spatial relation is applied before and after activation
· If there is no consensus on the details of the grouping, only one group per BWP will be supported in Rel-16 which will correspond to all the PUCCHs in a BWP
Detailed design on the MAC CE is up to RAN2
Agreement
Support the configuration of up to 64 candidate beams for BFR by RRC signalling, without introducing additional MAC CE signalling for down-selecting a subset of beams.
· The total number of RSs for new beam identification and layer 1 RSRP measurement are part of UE capability signaling
This applies per BWP.
Agreement
RAN1 to determine one of the following for L1-SINR in RAN1#97:
· L1-SINR based on ZP+NZP IMR
· L1-SINR based on ZP IMR only
· L1-SINR based on NZP IMR only
If there is no agreement on this issue in RAN1#97, L1-SINR will not be supported in Rel-16.
Agreement
Downlink RS for new beam identification can be based on SSB and CSI-RS for BM
Agreement
[bookmark: _Hlk5796618]Downlink RS for new beam identification can be transmitted in active BWP of the CC which is configured to be monitored for BFR or another CC within the same band
Agreement
New beam identification threshold is based on L1-RSRP
Agreement
At least for explicit configuration, downlink RS for BFD is in current CC 
· FFS: Downlink RS for BFD in another CC within the same band for implicit configuration
Agreement
· For SCell with downlink only, UE reports failed CC index(es) and new beam information (if present) by PUSCH or PUCCH
· FFS: whether it is carried by MAC CE or UCI-like PUSCH or PUCCH
· Down-select at least one options for BFRQ procedure in RAN1 #97:
· Option 1: Failed CC index(es), new beam information (if present) and beam failure event to be reported by a single report by MAC CE 
· FFS: whether or not to have spec impact on resource for MAC CE
· Resource for MAC CE is not triggered by dedicated PUCCH/PRACH for BFR
· Option 2: step 1: UE conveys beam failure event, and step 2: UE reports new beam information (if present) and failed CC index(es)
· Step 1 is carried by dedicated PUCCH/PRACH resource
· Step 2 is carried by MAC CE or UCI
· Option 3: step 1: UE conveys beam failure event and failed CC index(es), and step 2: UE reports new beam information (if present)
· Step 2 is carried by MAC CE or UCI, e.g. AP-CSI
· PUCCH/PRACH is used for step 1 to carry failed CC index(es) implicitly
· FFS: whether it is single-bit PUCCH or multi-bit PUCCH
· The failed CC index(es) should be selected from up to N_max CCs for SCell BFR
· FFS: N_max 
Working Assumption
The agreed ID (not excluding to reuse existing ID) for a panel can be used for panel-selection-based transmission of PUSCH, PUCCH and SRS, among multiple activated panels.
· FFS details, including an explicit/implicit indication of the panel, also considering beam correspondence at UE.
· FFS on whether the ID can be used for panel-specific PRACH transmission, if supported.
Agreement
At least support gNB can configure UE to report up to N reported SSBRI/CRIs defined in Rel-15 and corresponding L1-SINR values for in a beam reporting instance
· N is configured by RRC signaling with candidate values of {1, 2, 3, 4}
· FFS: SSBRI/CRI implies a CMR/IMR combination configured by gNB based on CSI framework
· FFS: details on information on CMR/IMR association
· Make a decision in RAN1 #97 whether to support gNB to configure UE to report [IMR index] and RSRP additionally in a beam reporting instance
· Companies are encouraged to provide evaluation results

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 L1-SINR and Section 5 is on SCell BFR. Details on the solutions can be found in our companion papers [3]-[10] and details on simulations can be found in our companion papers [11]-[13].
Latency/overhead reduction
As studied in [3][4], the latency of Rel-15 BM may be caused by different reasons, one is the latency introduced by the signalling, especially RRC reconfigurations due to 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 signals and information including SSB, CSI-RS for BM, TRS, RMSI, OSI, etc., and by the strict restrictions on the scheduling availability on OFDM symbols carrying BM RS. In addition, from RAN1#96bis, 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.
[bookmark: _Ref100655]In last meeting, simultaneous update/indication of a single spatial relation per group of PUCCH is supported by using one MAC CE. As a starting point, the group should correspond to all the PUCCHs in a BWP. In our opinion, this initial solution has a very strict restriction on the flexibility, in particular, it is difficult to serve the case that UE has multiple available transmit beams (e.g., wide and narrow Tx beams, Tx beams pointing to different TRPs), since then all PUCCH resources should be transmitted using the same configured/updated spatial relation. On the other hand, introducing explicit PUCCH groups means more complicated impacts on RRC structure about PUCCH configuration, which is thus not preferred.
One possibility to overcome the mentioned problem is to perform simultaneous spatial relation update in a more implicit way. For example, for those PUCCH resources have already been configured with the same spatial relation (by a new Rel-16 MAC-CE or the existing Rel-15 MAC-CE), if one of which is updated with a new spatial relation, the spatial relation for the others should be updated too. By using this implicit method, the signalling overhead of updating PUCCH spatial relation is reduced with a minimum RRC impact.
Proposal 1: For configuring/updating spatial relation per group of PUCCH resources, instead of applying indicated spatial relation to one BWP or introducing explicit PUCCH groups, study solutions with more flexibility and less RRC impacts (e.g., applying to PUCCH resources with same spatial relation configured before).
Also, in the last meeting, it was confirmed that Rel-16 introduces MAC-CE based spatial relation update for aperiodic SRS per resource level, which indicates that at least in FR2, to serve a moving UE, multiple MAC-CE messages are required to change Tx beam of each SRS resource in a SRS resource set. Considering different functionalities of different SRS resource sets, such signalling scheme can be redundant. For example, if a SRS resource set is configured with usage 'antennaSwitching', there is a low probability that those resources inside one set will be configured with a different Tx beam, otherwise UE would be confused on how to switch its antennas. Thus, MAC CE based spatial relation update for aperiodic SRS per resource set level should also be supported at least for 'antennaSwitching' SRS. Both explicit and implicit solutions can be considered. For example, Rel-16 can introduce an extra explicit per set spatial relation indication MAC-CE or Rel-16 regulates that UE should update the Tx beam for all SRS resources in an 'antennaSwitching'  SRS resource set even if MAC-CE signaling only updates spatial relation for one resource.
Proposal 2: For latency/overhead reduction, support MAC CE based spatial relation update for aperiodic SRS per resource set level if usage is configured as 'antennaSwitching'. 
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 1, 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 1 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 3: 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
To enable UE panel management that is known to gNB, the first step is to let gNB know how many panels are equipped at this UE. In our view, to facilitate gNB to properly indicate panel-specific UL transmission, the following information about UE should be aware at gNB side:
a) How many Tx panels that can be activated at this UE
b) The number of different Tx beams on each Tx panel
c) Latency required UE Tx panel activation (note that this capability may be different from the time required for UE Rx panel activation)
It has been discussed at the late stage of Rel-15 that UE may turn off its panels for power-saving purposes and sufficient time is needed for panel activation when UE receives aperiodic CSI-RS (i.e., to train its Rx beams on the panel which was previously turned off). To this end, two large values (224 and 336 OFDM symbols) were added to UE feature 2-28, corresponding to 2 and 3 ms for 120kHz SCS. However, such reporting is based on one-shot UE capability reporting only. If a UE reported with these large values, when triggering aperiodic CSI-RS, gNB will always need to reserve large delay, which is a bit restrictive. 
Similar status as triggering aperiodic CSI-RS can also be found in UL transmission. Without information on UE panel status, gNB has to reserve a large delay when triggering an aperiodic SRS or scheduling PUCCH/PUSCH transmission. 
For Rel-16, it was agreed in RAN1#96bis that UE can control its panel activation/deactivation. Still, if the UE panel status is kept unknown to gNB, it is still not possible for gNB to leave sufficient processing time for UE to turn on an inactive panel, or to trigger fast switching among activated panels, as gNB does not know which ones are active. For these reasons, it is desirable to have aligned understanding on UE panel status between gNB and UE. 
One possible solution, is to report the panel status (activated or deactivated) from UE to gNB, which can be periodic or aperiodic. If it is periodic reporting, how such information is carried (explicitly or implicitly) and how to configure a proper periodicity to match UE panel activation/deactivation behavior needs to be further discussed. Another possibility is to use aperiodic reporting to report UE panel status when it has changed (e.g., UE to initiate CBRA transmission for newly activated UE panel together with TA estimation). Using MAC-CE to convey UE panel status can also be considered.
Based on the discussions above, we have the following proposal and more detailed solutions can be found in our companion papers [5][6]:
Proposal 4: Information of UE panel status or status updating need to be reported to gNB.
DL BM with L1-SINR
Based on the discussion in last meetings, the type of dedicated interference measurement resources are to be down-selected among ZP+NZP IMR, ZP IMR only, or NZP IMR only. At first, we need to pay attention to the interference characteristic in FR2 beam-based communications, to be more specific, both inter-cell interference and intra-cell inter-beam interference have impacts, but the latter is dominating. Inter-cell interference in FR2 can be weak due to the high propagation loss and the fact that UE would not point its receiving beam direction to other cell gNBs. We also provided some evaluation results based on system level simulation, which shows the impact of intra-cell interference is much bigger than inter-cell interference. It means the intra-cell interference is the dominant interference for FR2. The evaluation results can be found in [13].
In the following, we discuss the different alternatives:
ZP IMR based L1-SINR 
ZP CSI-RS resources based interference measurement is used in Rel-15 for CSI measurement, such as CQI calculation. In Rel-15, since the ZP CSI-RS if no more information on the transmitted RS in the REs, so only the total power can be estimated. Then, if ZP CSI-RS is configured for interference measurement, the measured channels will be considered as interference in the UE behaviour. To reduce the signalling overhead, the ZP CSI-RS is only with the pattern of (2,2) and (4,1) in Rel-15 and LTE (2,2).
If use ZP CSI-RS based interference measurement for L1-SINR based beam management, there are following issues:
Overhead Issues: 
· Since the RE mapping patterns of ZP IMR (CSI-IM) and NZP CSI-RS are different, the ZP IMR and NZP CSI-RS cannot overlap completely. It will require a large amount of RS overhead. For example, 1 port CSI-RS (beam 1) for channel measurement with density 3 is transmitted, 3*4=12 REs per RB will be used for interference measurement with ZP CSI-RS, while only 3 REs for NZP CSI-RS based interference measurement for handle the same case (configured with the same pattern). 
· Then, as mentioned in the main bullet, ZP CSI-RS based interference is only for measure the total power. So, from UE behaviour, different interference from beams cannot be distinguished, which results in many hypothesis need to be defined and measured. 
Measurement accuracy Issues: 
· Since the pattern cannot be fully overlapped, the interference on the REs of ZP CSI-RS will be imbalanced. Take the same example as above, only one REs out of the 4 REs in each ZP CSI-RS pattern experienced intra-cell and inter-cell interference, but the remaining 3 REs only with inter-cell interference. UE may have difficulty to measure interference accurately, especially in the case of intra-cell interference is not big.    
· Besides, with ZP IMR, the UE can only measure the mixed power including the intra-cell interference from a beam and the inter-cell interference. With the mixed power based L1-SINR reporting, the gNB cannot determine the interference strength of each beam, as the inter-cell interference measured on each ZP IMR can be different due to the burst feature of inter-cell interference. Hence, the reported L1-SINR fails to provide accurate interference information for the following CSI acquisition and data transmission. 
Based on the above discussion, we do not think ZP CSI-RS based interference measurement can be used for L1-SINR beam management. As some companies mentioned, change the ZP CSI-RS pattern and also change the UE behaviour for ZP CSI-RS, which is more similar as NZP CSI-RS, to make it work. In our understanding, on one hand, it requires much standard work on the changes, and also we need to care about the ZP CSI-RS is also used for many other purpose, such as rate matching, CQI measurement, etc. So, we do not think we need to change ZP CSI-RS. Even with changing the ZP CSI-RS, the different beams still cannot be distinguished. On the other hand, NZP CSI-RS based interference can be used for L1-SINR beam management without the issues mentioned above, which means it is more proper to be used. So, we do not need to create a new ZP CSI-RS for L1-SINR.
[bookmark: OLE_LINK7]Observation 1: There are some issues for ZP IMR for L1-SINR, e.g., overhead issues and measurement accuracy issues. 
NZP IMR based L1-SINR: 
In Rel-15, NZP CSI-RS based interference was also specified for CSI measurement. NZP IMR can be used to measure both inter-cell interference and intra-cell interference. Specifically, after receiving the NZP IMR, the UE conducts channel estimation with the NZP IMR. The intra-cell interference power can be calculated via the estimated channel, and the inter-cell interference can be calculated by extracting the remaining power of the NZP IMR after removing the channel power. Different as ZP IMR, the issues discussed above do not exist for the NZP IMR based L1-SINR beam management.
At first, the exact same CSI-RS pattern can be used to measure interference beams. For example, to measure 1 RE per port for 1-port interference beam, only one port NZP IMR need to be used. So, the overhead of RS can be kept very low, and also there is no interference power imbalanced in different REs, which means the interference can be estimated accurately.
Furthermore, the interference signals are configured to the UE in NZP IMR, so the different interference beams can be accurately estimated. It is not the same as ZP IMR, which only measures the total mixed power as interference. If multi-beams are overlapped, the interference from different beams still can be separately estimated in NZP IMR. 
Some companies may have concern on the complexity of NZP IMR based interference measurement. However, NZP CSI-RS based interference is already used in Rel-15 for CQI calculation. Please note that the complexity of CQI calculation is much more than beam measurement, which corresponding to different ranks, TPMIs, etc. In the enhancement of beam management, the complexity should not be an issue.
 Observation 2: NZP IMR is proper to be used L1-SINR based beam management.

Furthermore, we provide the performance comparison between using ZP IMR and NZP IMR for L1-SINR measurement and reporting. More details on simulation can be found in companion paper [13] too. 
· R15 baseline: L1-RSRP based beam selection.
· ZP IMR: as the ZP IMR has different RE mapping pattern from the NZP IMR, the overhead need to be taken into account. The ZP IMR based L1-SINR is for beam selection (selecting CMR with largest L1-SINR).
· NZP IMR: L1-RSRP based beam selection. L1-SINR of each selected beam/CMR is calculated with each NZP IMR as the interference source to emulate the inter-beam interference. With the inter-beam interference information, MU scheduling enhancement is applied. 
[image: ]
Figure 2. ZP IMR based L1-SINR v.s. NZP IMR based L1-SINR
Simulation results in Figure 2 shows that, the ZP based L1-SINR fails to obtain any performance gain comparing to R15 baseline with consider RS overhead. As discussed in above sections, ZP IMR based L1-SINR cannot estimate intra-cell and inter-cell interference accurately. The inter-cell interference in HF usually appears with a burst pattern (appears with a small probability as the interference signal is transmitted through a narrow beam). Hence, the measurement on such inter-cell will not be a serious problem. 
In another case, NZP based L1-SINR obtains a significant performance gain of 22.1% due to the fact that, with the inter-beam interference information, the gNB is able to perform interference avoidance to alleviate the interference between the beams scheduled simultaneously in MU scheduling.
Based on the discussions above, we have the following proposal and more detailed solutions can be found in our companion papers [7][8]:
Proposal 5: Support NZP IMR(s) as the dedicated resource(s) for L1-SINR measurement. 
Beam failure recovery for SCell
How to report new beam information, failed CC index and beam failure event is an essential issue for SCell BFR. As beam failure is a burst event and there are at most 31 SCell, the following 3 options using aperiodic resource to carry full or partial BFRQ information were proposed in RAN1#96bis to reduce the overhead: 
· Option 1: Failed CC index (es), new beam information (if present) and beam failure event to be reported by a single report by MAC CE. 
· Option 2: UE conveys beam failure event in the first step, and reports new beam information (if present) and failed CC index (es) in the second step.
· Option 3: UE conveys beam failure event and failed CC index (es) in the first step, and reports new beam information (if present) in the second step.
To select the most suitable scheme, we analyse them from the following aspects: overhead, latency, spec impact.
For option 1, MAC-CE on PCell is used to indicate beam failure event, failed CC index (es) and new beam information in single report. In such case, no new beam identified can be included as a state of new beam information for SCell BFR. MAC-CE is carried by PUSCH, which is allocated by UL grant. However, beam failure is a UE perceived event. If beam failure event happens, UE has to wait for UL grant to allocate PUSCH where gNB has no idea about the event before. Thus, the time of beam failure recovery is unpredictable and uncontrollable. If normal SR procedure is used to request the UL grant, MAC-CE based BFR for SCell will introduce large latency, and there will be at most 5 steps, only for beam failure recovery request transmission as shown in Figure 3:
[image: ]
Figure 3. SR based MAC-CE transmission for SCell BFR
Before gNB knows the SR is for beam failure recovery, all the following procedure will be treated as normal scheduling request, latency of which is unreliable. For example, if gNB considers the SR as requesting for uplink data transmission, gNB may send UL grant for BSR or PUSCH resource allocation after a long time. Therefore, reusing the existing SR procedure to request PUSCH resource does not meet the design principle of low recovery latency. Additionally, if PCell is in FR2 and PCell fails as well, MAC-CE will not be received by gNB, then it’s impossible for beam failure recovery of SCell. From the analysis above, latency and robustness is a critical issue for BFRQ procedure of option 1.  
Observation 3: Option 1 that failed CC index(es), new beam information (if present) and beam failure event to be reported by a single report by MAC CE has critical issues on latency and robustness.
For option 2, a dedicated resource is used to request PUSCH resource, and failed CC index (es) and new beam information is reporting on the allocated PUSCH resource. When beam failure happens, UE can transmit BFRQ1 on PUCCH or PRACH to inform beam failure event to gNB. Then, UE can report BFRQ2 on PUSCH resource allocated by gNB. Obviously, compared to option 1, UE can report BFRQ immediately with low overhead and latency. There are two alternative for the channel carrying BFRQ1: PUCCH and PRACH. To ensure the reliability and robustness, PRACH based BFRQ has been agreed for PCell BFR. It should be reused for SCell BFR. Especially, when the beam failure event of SCell is reported on PCell in FR2, PCell may fail as well. 
Observation 4: Reporting beam failure event via PRACH is more robust compared to PUCCH.
There are two alternative for BFRQ2 transmission, MAC-CE and aperiodic CSI report. Obviously, MAC-CE has larger latency than aperiodic CSI report. Additionally, a new MAC-CE procedure for BFRQ has huge impact to RAN2, such as SR procedure. However, there is not enough TU for RAN2. To complete the BFR for SCell, aperiodic CSI report for BFRQ2 transmission is more appropriate. 
As shown in Figure 4, UE indicates beam failure event via dedicated PRACH on PCell first. Then gNB allocates a PUSCH, and UE can report the failed SCell ID and new beam information via aperiodic CSI report. By the dedicated PRACH resource and aperiodic CSI report, UE can indicate beam failure recovery information quickly but with low overhead.

[image: ]
Figure 4. Enhanced RACH based BFRQ for SCell BFR
For option 3, the only difference from option 2 is that failed CC index (ex) is carried in the first step. As the first step is carried on periodic resource, feedback failed CC index in the first step will increase the overhead. Although gNB can get failed CC index earlier, it still can’t recovery the link without new beam. That’s to say, there is no strong need to feedback failed CC index in the first step. It may be helpful if whether no new beam identified information is reported in the first step. Thus, if no new beam identified, gNB can trigger another RS set to find new beam earlier.
Considering the overhead, latency and spec impact, we have the following proposal and more detailed solutions can be found in our companion papers [9][10]:
Proposal 6: Support 2-step BFRQ procedure where step 1 is carried by PRACH resource and step 2 is carried by aperiodic CSI report.

Summary of proposals
The observations and proposals of this paper are summarized as follows. 
Observation 1: There are some issues for ZP IMR for L1-SINR, e.g., overhead issues and measurement accuracy issues. 
Observation 2: NZP IMR is proper to be used L1-SINR based beam management.
Observation 3: Option 1 that failed CC index(es), new beam information (if present) and beam failure event to be reported by a single report by MAC CE has critical issues on latency and robustness.
Observation 4: Reporting beam failure event via PRACH is more robust compared to PUCCH.
Proposal 1: For configuring/updating spatial relation per group of PUCCH resources, instead of applying indicated spatial relation to one BWP or introducing explicit PUCCH groups, study solutions with more flexibility and less RRC impacts (e.g., applying to PUCCH resources with same spatial relation configured before).
Proposal 2: For latency/overhead reduction, support MAC CE based spatial relation update for aperiodic SRS per resource set level if usage is configured as 'antennaSwitching'. 
Proposal 3: 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 4: Information of UE panel status or status updating need to be reported to gNB.
Proposal 5: Support NZP IMR(s) as the dedicated resource(s) for L1-SINR measurement. 
Proposal 6: Support 2-step BFRQ procedure where step 1 is carried by PRACH resource and step 2 is carried by aperiodic CSI report.
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