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Introduction
In RP-193133, the following objectives on beam management enhancement has been agreed.
	1. Enhancement on multi-beam operation, mainly targeting FR2 while also applicable to FR1: 
a. Identify and specify features to facilitate more efficient (lower latency and overhead) DL/UL beam management to support higher intra- and L1/L2-centric inter-cell mobility and/or a larger number of configured TCI states:
i. Common beam for data and control transmission/reception for DL and UL, especially for intra-band CA 
ii. Unified TCI framework for DL and UL beam indication
iii. Enhancement on signaling mechanisms for the above features to improve latency and efficiency with more usage of dynamic control signaling (as opposed to RRC)
b. Identify and specify features to facilitate UL beam selection for UEs equipped with multiple panels, considering UL coverage loss mitigation due to MPE, based on UL beam indication with the unified TCI framework for UL fast panel selection 




In this contribution, we provide some discussion on beam management enhancement, including more efficient DL/UL beam management to support L1/L2 centric mobility, and UL beam selection with regard to MPE issue.
Discussion
BM for L1/L2 Centric Mobility
Latency reduction for beam tracking
In Rel-15/Rel-16, the beam management framework has been defined, which includes beam report and beam indication. A good gNB-UE beam pair can be helpful to increase the link budget so as to improve the coverage and system performance. Then one question is what kind of gNB-UE beam pair could be considered to be good enough. Ideally the good gNB-UE beam pair could be the one with best beam quality, e.g. best L1-RSRP. Currently to find out the best gNB-UE beam pair would require a lot of measurement effort. Given there are NTx Tx beams in gNB side and NRx Rx beams in UE side, the worst case is to try NTx*NRx times measurement to find out the best beam. Thus, it is not guaranteed that UE is able to find out the best beam pair. Thus, with regard to intra-cell/inter-cell mobility, this would lead to one basic question:
· Question 1: If UE is not able to find out the best gNB-UE beam pair, is it possible that an incorrect gNB would be selected?
We did some system level simulation to investigate the issue. The simulation is assumed that UE can select one of the N best beam pairs randomly and perform cell association based on this selected beam. The simulation assumption is shown in Table A-1. From the simulation results, we observe some that UEs would select an incorrect gNB if it fails to select the best beam, and we can observe significant performance degradation for cell edge UEs, where N=1 is considered as the baseline.
Table 1: System Level Evaluation Results
	
	N=5
	N=10

	RSRP degradation (Figure 1)
	Up to 5dB
	Up to 10dB

	Geometry SINR degradation (Figure 2)
	Up to 5dB
	Up to 10dB

	Percentage of UEs with incorrect cell association
	25.0%
	38.3%

	Cell edge performance degradation
	22.0%
	44.1%
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Figure 1: C.D.F. of RSRP
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Figure 2: C.D.F. of Geometry SINR

It can be observed that it is quite important to find out the best beam pair to avoid potential incorrect cell selection, since incorrect gNB-UE beam pair would result in incorrect cell selection. 
Observation 1: Incorrect gNB-UE beam pair could lead to incorrect cell section.
Currently there can be the following options to support beam management.
· Option 1: SSB only based beam management
· Option 2: CSI-RS only based beam management
· Option 3: SSB+CSI-RS based beam management
SSB based beam management
To find out the best beam pair, UE may need to try NTx*NRx SSBs or NTx*NRx/K SSBs, where K indicates the number of beams to be applied for a SSB. UE has no QCL information of SSB. Thus, UE has to blindly tried the beam tracking loop for each SSB individually. One possible enhancement is to let UE aware some QCL information for SSBs. Then UE can try Rx beam sweeping across SSBs. This may not be helpful for initial access procedure, but it could help to accelerate the beam acquisition procedure for intra-cell/inter-cell mobility. 
For example, as shown in Figure 3, given there are 10 SSBs in the system, and gNB can try to divide the SSBs into 3 groups based on the spatial correlation. Then UE can try Rx beam sweeping for SSBs within a group. After UE find out the best SSB group, UE can start to use local beam sweeping to find out the best UE beam for each SSB within a group. Then UE can get the best gNB-UE beam pairs. 
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Figure 3: SSB based beam selection with SSB grouping
In addition, cross-CC beam selection can also help to reduce the beam selection latency as shown in Figure 4. If gNB can inform UE which SSBs from multiple CCs share the same beam, it could help to reduce the beam selection latency as well, since UE can try a beam tracking loop for SSBs across CC. So, in general, to speed up the beam acquisition based on SSB, the general way is to include multiple SSBs in a beam tracking loop.
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Figure 4: Cross-CC joint beam tracking
Observation 2: Currently UE has to perform beam tracking for each SSB independently due to lack of QCL information for SSB.
Proposal 1: To speed up beam acquisition, RAN1 should introduce schemes to include more than one SSBs in a UE beam tracking loop.
· As a starting point, RAN1 can study schemes for gNB to provide some QCL information for SSBs within a CC and across CCs
CSI-RS based beam management
Currently CSI-RS for beam management can be configured with either 1 port or 2 ports, which is mapped to 1 symbol. For 1 port CSI-RS, IFDMA structure is supported, which enables the UE to perform intra-symbol beam sweeping as shown in Figure 5. Different beams can be applied to different repetitions. However, there would be strong interference if gNB transmits something in the unused resource elements with correlated spatial directions. Thus, if gNB can provide such indication to UE, it would be helpful to accelerate the beam acquisition procedure a lot.
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Figure 5: An example for CSI-RS based intra-symbol beam sweeping
In addition, UE can try joint P2/P3 to reduce the beam selection overhead. To support joint P2/P3 beam management procedure, one possible way is to configure multiple sets of CSI-RS in a CSI-reportConfig, where each resource set is configured with repetition = ‘on’. This would increase the report overhead and signaling complexity based on current CSI framework, as UE needs to report CRI from multiple resources. Another possible way is to transmit a multi-symbol CSI-RS, where UE can apply different UE beams in different symbols to support joint P2/P3 beam selection.
Observation 3: Based on current 1 port CSI-RS, it is possible to support intra-symbol beam sweeping.
Proposal 2: For overhead and latency reduction, support gNB to indicate whether UE can perform intra-symbol beam sweeping for 1-port CSI-RS for BM.
Proposal 3: For overhead and latency reduction, support 1 CSI-RS resource to be transmitted in multiple symbol to facilitate joint P2/P3 beam management.
Joint SSB/CSI-RS beam management
Joint SSB/CSI-RS beam management is one way to introduce multiple reference signals in a beam tracking loop. In principle, the more reference signals in a beam tracking loop, the less latency would be required to find out the best gNB-UE beam pair. However current QCL definition would introduce some problems for UE to track multiple reference signals in a beam tracking loop. The most restrict QCL definition is QCL-typeA + QCL-typeD. However, it is still possible that gNB can apply a wide beam for one BM-RS and a narrow beam for another BM-RS. The best UE beam for the two BM-RSs could still be different. Another possible implementation is that gNB can apply the same beam for both BM-RS. But as a result of this uncertainty, UE cannot consider both BM-RSs should be in a beam tracking loop. Thus, to introduce a new QCL type indication to support joint tracking from multiple BM-RSs could help to reduce the beam tracking latency.
Observation 4: With current QCL definition, UE is not able to include multiple BM-RSs in a beam tracking loop, as the Tx beam could still be different for two BM-RSs although they are configured as QCLed.
Proposal 4: RAN1 should study to introduce a new QCL type indication to let UE aware that two BM-RSs are based on the same Tx beam. 
TCI framework
In Rel-15/Rel-16, the beam indication for downlink is based on TCI state, and beam indication for uplink is based on spatial relation info. In Rel-15, the beam indication is defined per channel/resource per CC. In Rel-16, simultaneous beam update for multiple CCs by a single MAC CE is supported, which can help to reduce the signaling overhead, but still the fundamental beam indication is still per channel/resource per CC. Such per channel and per CC based mechanism make the system unnecessarily complicated. In addition, DCI based beam indication also increase the specification complexity to define default beam related behavior. Figure 6 illustrates one procedure on how UE can determine a TCI state for PDSCH.
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Figure 6: Procedure to determine TCI state for PDSCH In Rel-15/Rel-16
Typically, a UE can apply common beam for multiple CCs, which may be within the same band or a band group. Thus, such per channel/resource per CC beam indication would bring in a lot of QCL-typeD collision cases. The collision handling would make the system more complicated, if we consider different types of priorities for the channel and different subcarrier spacings across CCs.
Further, the UE may not be able to maintain so many beam tracking loops with regard to power consumption. One possible way is that UE can maintain two beams:
· Current UE beam: the UE beam used to communicate with gNB
· Candidate UE beam: the UE beam used to discover new gNB-UE beam pair
So, the per channel/resource and per CC based beam indication is not that practical, but to simplify the signaling and to accommodate typical UE implementation schemes, it is better that the beam indication is per link per CC groups. 
In addition, for spatial relation based beam indication, when SSB/CSI-RS is indicated, it is defined that UE should apply the same spatial domain filter to transmit the uplink signal as that to receive the SSB/CSI-RS. This restricts UE flexibility quite a lot. As a result of UE power saving, UE may turn off some uplink antennas, then it is not possible for UE to use the same spatial domain filter for both DL and UL. Thus, for uplink beam indication, when SSB/CSI-RS is indicated, it should be defined that the spatial domain Rx filter is a reference to determine spatial domain Tx filter, instead of mandating UE to use the same spatial domain filter.
Further, to support inter-cell operation, gNB should be able to provide the TCI indication based on SSB from a neighbor cell. Thus, the TCI can be divided into several groups, where each group is associated with a physical cell ID. In addition to the physical cell ID, some other SSB related configuration, e.g. transmission power, periodicity and so on, should be configured for each TCI state group. As shown in Figure 7, TCI state x and y should belong to different TCI state groups, and after switching to TCI state y from TCI state x, UE is assumed to connect to the target gNB. Moreover, if target gNB uses different higher layer parameters, such higher layer parameters can be configured per TCI state group, and after TCI switching, gNB does not need to trigger additional RRC reconfiguration procedure, but UE can apply such RRC configurations associated with the new TCI state group automatically.
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Figure 7: TCI configuration to support inter-cell mobility

Observation 5: Single beam tracking loop for active TCI state is widely used in Rel-15/Rel-16, and the per channel/resource and per CC based beam indication could result in large signaling overhead and lead to potential ambiguity from QCL-typeD collision handling. 
Observation 6: DCI based beam indication unnecessarily increases the specification complexity to maintain the default beam.
Observation 7: Current spatial relation definition restricts UE flexibility for power saving, since UE is mandated to use the same beam to transmit uplink signal as that to receive downlink signal.
Proposal 5: The beam indication signaling should be simplified and per link per CC group based beam indication should be supported.
· RAN1 should avoid DCI based beam indication in future work
Proposal 6: For uplink beam indication, when SSB/CSI-RS is indicated, it should be defined that the spatial domain Rx filter is a reference to determine spatial domain Tx filter, instead of mandating UE to use the same spatial domain filter.
Proposal 7: To facilitate L1/L2 centric inter-cell mobility, the TCI states can be divided into N groups, where each group is associated with one SSB configuration
· The SSB configuration should at least include physical cell ID, SSB transmission power, and SSB periodicity
Uplink panel selection
In Rel-16, the uplink beam selection per panel has been discussed. However, RAN1 failed to specify the uplink panel selection. The first issue is how to define the uplink panel. Usually, 3GPP specification does not define any concept indicating physical antennas. Instead, some logical concepts, e.g. antenna port, could be used. Similarly, a panel could be defined as a group of antenna ports, and how to map the antenna port groups to physical antenna arrays should be up to UE implementation. Therefore, the definition of a panel should provide enough flexibility to a UE for different kinds of antenna virtualization schemes as shown in Figure 8.
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Figure 8: Different ways for antenna virtualization for a panel
A second issue is whether all the panels are with the same properties in addition to different antenna gain. As shown in Figure 8, due to different kinds of antenna virtualization schemes, it could be possible that different panels could be with different properties, e.g. maximum EIRP, number of RF chains and so on. Therefore, after panel switching, there could be some UE capabilities change. The gNB should update relevant configuration for the new UE capabilities.
A third issue is whether gNB could control the UE panel, e.g. activate or deactivate a UE panel. As a result of UE power saving, UE may not be able to always activate all the uplink panels. As discussed in section 2.1, a typical implementation is that UE may maintain two beam searching loops, one is to communicate with gNB and the other is to identify potential new beam. With the help of the second loop, UE can identify corresponding UE beam for each gNB beam. But such identified UE beam may be from a panel that has been deactivated, when gNB indicates UE to switch to the corresponding gNB beam. Then UE would require additional delay to turn on the panel.
At gNB side, gNB does not need to know the exact UE panel for each gNB beam, similarly to the uplink beam indication, where gNB does not need to know the exact UE beam ID for each gNB beam. What gNB really needs to know is whether additional delay is needed for uplink beam switching. So instead of how to define the panel ID, the key issue is how to maintain the same understanding between gNB and UE on the minimal delay for a beam switching. 
In addition, with regard to maximum power emission (MPE) issue, the maximum power reduction (MPR) for each panel could be different. Therefore, in addition to the switching delay for a beam, it would be helpful that gNB could aware the MPR for different panels as shown in Figure 9. Sometimes, due to physical panel separation, the beam in panel 2 may be still worse than panel 1, although additional MPR should be included for beams in panel 1. While sometimes, the beams in panel 2 may be better, where the RSRP difference between beams in panel 2 and panel 1 could be smaller than the MPR offset. So, in general, such MPR related information could help gNB to select the best beam. 
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Figure 9: Potential MPR difference for different UE panels due to MPE issue
Observation 8: Different UE panels may be with different properties in addition to different antenna gain, e.g. number of RF chains, maximum EIRP and so on.
Observation 9: UE can turn off a panel at any time with regard to power saving and additional delay would be required to switch to an inactive panel.
Proposal 8: A panel can be defined as an antenna port(s) group, where the antenna port to antenna element mapping is up to UE implementation.
Proposal 9: The uplink panel selection should support UE with panels with different properties, e.g. different number of RF chains, different EIRP and so on.
Proposal 10: RAN1 could study how to maintain the same understanding between gNB and UE on the minimal delay for a beam switching with regard to panel switching delay, as well as the MPR difference for different panels.
Evaluation Methodology
Regarding the evaluation methodology, one important aspect for mobility enhancement is the L1-RSRP measurement accuracy. Currently the measurement accuracy for L1-RSRP is defined as Table 1 and Table 2, as defined in 38.133. For intra-cell/inter-cell mobility, one important aspect is to the measurement accuracy. Therefore if L1-RSRP is used, we suggest we include a random measurement error for L1-RSRP for each beam.
Table 1: SSB based L1-RSRP measurement accuracy requirement
	Accuracy
	Conditions

	Normal condition
	Extreme condition
	SSB Ês/Iot
	Io Note 1 range

	
	
	
	Minimum Io
	Maximum Io

	dB
	dB
	dB
	dBm / SCSSSB Note 2
	dBm/BWChannel
	dBm/BWChannel

	
	
	
	SCSSSB = 120kHz
	SCSSSB = 240kHz
	
	

	±6.5
	±9.5
	≥-3
	Same value as SSB_RP in Table B.2.4.1-2, according to UE Power class, operating band and angle of arrival
	N/A
	-70

	8.5
	11.5
	≥-3
	N/A
	-70
	-50

	NOTE 1:	Io specified at the Reference point, and assumed to have constant EPRE across the bandwidth.
NOTE 2:	Values based on Refsens and EIS spherical coverage as defined in clauses 7.3.2 and 7.3.4 of TS 38.101-2 [19]. Applicable side condition selected depending on angle of arrival.
NOTE 3:	In the test cases, the SSB Ês/Iot and related parameters may need to be adjusted to ensure Ês/Iot at UE baseband is above the value defined in this table.



Table 2: CSI-RS based L1-RSRP measurement accuracy requirement
	Accuracy
	Conditions

	Normal condition
	Extreme condition
	CSI-RS Ês/Iot
	Io Note 1 range

	
	
	
	Minimum Io
	Maximum Io

	dB
	dB
	dB
	dBm / SCSCSI-RS Note 2
	dBm/BWChannel
	dBm/BWChannel

	
	
	
	SCSCSI-RS = 60kHz
	SCSCSI-RS = 120kHz
	
	

	±6.5
	±9.5
	≥-3
	Same value as CSI-RS_RP in Table B.2.4.2-2, according to UE Power class, operating band and angle of arrival
	N/A
	-70

	8.5
	11.5
	≥-3
	N/A
	-70
	-50

	NOTE 1:	Io specified at the Reference point, and assumed to have constant EPRE across the bandwidth.
NOTE 2:	Values based on Refsens and EIS spherical coverage as defined in clauses 7.3.2 and 7.3.4 of TS 38.101-2 [19]. Applicable side condition selected depending on angle of arrival.
NOTE 3:	In the test cases, the CSI-RS Ês/Iot and related parameters may need to be adjusted to ensure Ês/Iot at UE baseband is above the value defined in this table.



Proposal 11: At lease for L1/L2 mobility enhancement, a random measurement error (up to 6.5dB) should be included for L1-RSRP measurement for each beam.
Conclusion
In this contribution, we discussed some further MIMO enhancement. Based on the discussion, the following observations and proposals have been achieved.
Observations
Observation 1: Incorrect gNB-UE beam pair could lead to incorrect cell section.
Observation 2: Currently UE has to perform beam tracking for each SSB independently due to lack of QCL information for SSB.
Observation 3: Based on current 1 port CSI-RS, it is possible to support intra-symbol beam sweeping.
Observation 4: With current QCL definition, UE is not able to include multiple BM-RSs in a beam tracking loop, as the Tx beam could still be different for two BM-RSs although they are configured as QCLed.
Observation 5: Single beam tracking loop for active TCI state is widely used in Rel-15/Rel-16, and the per channel/resource and per CC based beam indication could result in large signaling overhead and lead to potential ambiguity from QCL-typeD collision handling. 
Observation 6: DCI based beam indication unnecessarily increases the specification complexity to maintain the default beam.
Observation 7: Current spatial relation definition restricts UE flexibility for power saving, since UE is mandated to use the same beam to transmit uplink signal as that to receive downlink signal.
Observation 8: Different UE panels may be with different properties in addition to different antenna gain, e.g. number of RF chains, maximum EIRP and so on.
Observation 9: UE can turn off a panel at any time with regard to power saving and additional delay would be required to switch to an inactive panel.
Proposals
Proposal 1: To speed up beam acquisition, RAN1 should introduce schemes to include more than one SSBs in a UE beam tracking loop.
· As a starting point, RAN1 can study schemes for gNB to provide some QCL information for SSBs within a CC and across CCs
Proposal 2: For overhead and latency reduction, support gNB to indicate whether UE can perform intra-symbol beam sweeping for 1-port CSI-RS for BM.
Proposal 3: For overhead and latency reduction, support 1 CSI-RS resource to be transmitted in multiple symbol to facilitate joint P2/P3 beam management.
Proposal 4: RAN1 should study to introduce a new QCL type indication to let UE aware that two BM-RSs are based on the same Tx beam. 
Proposal 5: The beam indication signaling should be simplified and per link per CC group based beam indication should be supported.
· RAN1 should avoid DCI based beam indication in future work
Proposal 6: For uplink beam indication, when SSB/CSI-RS is indicated, it should be defined that the spatial domain Rx filter is a reference to determine spatial domain Tx filter, instead of mandating UE to use the same spatial domain filter.
Proposal 7: To facilitate L1/L2 centric inter-cell mobility, the TCI states can be divided into N groups, where each group is associated with one SSB configuration
· The SSB configuration should at least include physical cell ID, SSB transmission power, and SSB periodicity
Proposal 8: A panel can be defined as an antenna port(s) group, where the antenna port to antenna element mapping is up to UE implementation.
Proposal 9: The uplink panel selection should support UE with panels with different properties, e.g. different number of RF chains, different EIRP and so on.
Proposal 10: RAN1 could study how to maintain the same understanding between gNB and UE on the minimal delay for a beam switching with regard to panel switching delay, as well as the MPR difference for different panels.
Proposal 11: At lease for L1/L2 mobility enhancement, a random measurement error (up to 6.5dB) should be included for L1-RSRP measurement for each beam.

Appendix – Simulation Assumption
Table A-1: Simulation Assumption for Beam Management
	Parameter
	Value

	Scenario
	Indoor Hotspot

	Number of BS
	12

	Number of UE per cell
	10

	gNB antenna architecture (M, N, P, Q)
	(4, 8, 2, 2)

	UE antenna architecture (M, N, P, Q, Mg, Ng)
	(2, 4, 2, 2, 1, 2)

	gNB Tx power
	21 dBm

	UE noise figure
	10 dB

	Cell association
	RSRP based

	Handover margin
	0 dB

	Carrier frequency
	30 GHz
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