[bookmark: _GoBack]3GPP TSG RAN WG1 #102-e	R1-2006843
e-Meeting, August 17th – August 28th, 2020

Agenda item:		8.1.1
Source:	Nokia, Nokia Shanghai Bell
Title:	Enhancements on Multi-beam Operation
Document for:		Discussion and Decision
1	Introduction
RAN#86 approved work item for further enhancements on MIMO for NR.[1] The objectives for multi-beam enhancements are stated as follows:
	The work item aims to specify the further enhancements identified for NR MIMO. The detailed objectives are as follows:

· Extend specification support in the following areas [RAN1]
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




Based on WI description we understand that the target is to specify beam management enhancements to support more efficient intra-cell mobility, inter-cell mobility and larger number of TCI states than previously based on the following technical components:
· Common beam for data and control transmission/reception for DL and UL, especially for intra-band CA
· Unified TCI framework for DL and UL beam indication

In the latter part of the WID, our understanding is that the target is to specify beam management enhancements to support fast UL beam/panel selection taking into account MPE issue and that the solution(s) should be based on unified TCI framework.
In this contribution we discuss about:
· [bookmark: _Hlk33439806]Enhancements to support more efficient intra-cell mobility
· Enhancements to support L1/L2-centric inter-cell mobility
· Fast UL beam and panel selection for UEs equipped with multiple panels
· Other enhancements


2	Discussion
2.1	Enhancements to support more efficient intra-cell mobility
2.1.1	Common beam for data and control transmission/reception for DL and UL
In Rel15, DL QCL-TypeD RS can be in other serving cell than in which TCI state is configured as defined in [3GPP TS 38.331]:
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		Figure 1 QCL-Info configuration [3GPP TS 38.331]. 
Basically, that means that common spatial source can be applied across CCs for PDCCH, PDSCH and CSI-RS (TCI state) as illustrated in Figure 2. It’s to be noted that QCL-TypeA still needs to be on the CC where TCI state is configured.
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[bookmark: _Ref31972134]Figure 2 Common QCL-TypeD source across CCs.

Rel16 introduced a CC group based TCI state activation using a single MAC update across CCs as shown in Figure 3. Regarding the signalling of the TCI state activation across multiple CCs/BWPs the following agreement was made in Rel16:
	Agreement
For the purpose of simultaneous TCI state activation across multiple CCs/BWPs,
· Up to 2 lists of CCs can be configured by RRC per UE, and the applied list is determined by the indicated CC in the MAC CE.
· UE expect no overlapped CC in multiple RRC-configured lists of CCs.
· Send LS to RAN2 to inform above



In high mobility case, it’s possible to configured UE with one CC list having all the configured CCs in the list and then using one MAC command the TCI state can be switched across all the CCs simultaneously. 
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[bookmark: _Ref31972506]Figure 3 Single MAC based TCI state activation across CCs.

In uplink, Rel15 supports behaviour where UL spatial source RS can be in other serving cell than in which SpatialRelationInfo is configured as defined in [3GPP TS 38.331]:
[image: ]
Figure 4 Spatial relation info configuration [3GPP TS 38.331].

Similarly, as in downlink, above means that spatial source can be applied across CCs for PUCCH, SRS and PUSCH (indirectly via SpatialRelationInfo of PUCCH or SRS) as illustrated in Figure 5.
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[bookmark: _Ref31975558]Figure 5 Common spatial source across CCs.

And Rel16 introduced also for uplink CC group based spatial relation activation. 
Based on above discussion it can be noted that 
· In Rel15/Rel16 a DL RS in one CC can act as QCL-TypeD RS for DL channels in other CCs
· In Rel15/Rel16 a DL RS in one CC can act as Spatial Relation RS for UL channels in other CCs

Observation 1: Common spatial source (QCL-Type D RS or Spatial Relation RS) for DL and UL separately can be provided across CCs in Rel15/Re1l6:
· In Rel15/Rel16 a DL RS in one CC can act as QCL-TypeD RS for DL channels in other CCs
· In Rel15/Rel16 a DL RS in one CC can act as Spatial Relation RS for UL channels in other CCs

Observation 2: In high mobility case, it’s possible to configure UE with one CC list having all the configured CCs in the list and then using one MAC command the TCI state can be switched across all the CCs simultaneously.
[bookmark: _Hlk47530432]Regarding common beam for DL and UL control and data, which is understood that a single TCI state is used to determine common beam for control and data, a starting point could be to consider default beam definitions in Rel15 and Rel16. Rel15 and Rel16 introduced default spatial sources per certain signal and channel as described below: 
· PDSCH:
· If scheduling offset[footnoteRef:2] < timeDurationForQCL: TCI state of the lowest CORESET ID in the latest slot monitored by UE [2:  scheduling offset means time between last symbol of the PDCCH transmitting DCI to the UE and the scheduled transmission by DCI] 

· If scheduling offset >= timeDurationForQCL:  TCI state of CORESET of scheduling PDCCH
· CSI-RS
· No default DL beam for P-CSI-RS, SP-CSI-RS (TCI state explicitly configured P-CSI-RS or activated SP-CSI-RS)
· AP-CSI-RS: If scheduling offset < beamSwitchTiming : TCI state of the lowest CORESET ID in the latest slot monitored by UE

· PUCCH/SRS
· If spatial relation is not configured in FR2 determine spatial relation as follows:
· in the case when CORESET(s) are configured on the CC, the TCI state / QCL assumption of the CORESET with the lowest ID, or
· in case when any CORESETs are not configured on the CC, the activated TCI state with the lowest ID applicable to PDSCH in the active DL-BWP of the CC
· PUSCH scheduled by DCI format 0_0
· when there is no PUCCH resources configured on the active UL BWP CC in FR2 and in RRC-connected mode:
· The default spatial relation is the TCI state / QCL assumption of the CORESET with the lowest ID

What one can observe is that default beam definitions are not really consistent with each other. I.e. there is actually no a possibility to use a single common QCL/TCI/spatial source for the DL and UL signals other than CORESET#0. However, CORESET#0 is a special CORESET and its configuration is restricted to a limited number of combinations of parameters compared to CORESETs with indices other than 0. Also, that does not support common beam per TRP which would be beneficial in multi-TRP scenario.
A simple approach could be to define a certain active TCI state (activated using specific MAC CE) as common source for DL control and data and UL control and data at a time. However, one may need to consider the following issues:
· DL beam based on TCI state may be good based on provided L1-RSRP report for the QCL-TypeD RS of the TCI state. However, UL, if using the RS as spatial source, may suffer from MPE limitation which gNB is not aware beforehand
· A single active TCI state as common beam does not support multi-TRP operation where it would make sense to support common beam per TRP
· One example could be to define active TCI state of certain CORESET in the coresetPoolIndex to act as common beam in DL

Proposal 1: Support common beam defined by a TCI state for DL control and data and UL control and data that takes into UE’s UL transmission capability, e.g. MPE. This may include the following options:
· Separate common beams for DL (control and data) and UL (control and data)
· Common beam for DL and UL (control and data)

Proposal 2: Support common beam for DL and UL (control and data) per TRP in multi-TRP scenario for the UE.

2.1.2	On unified TCI framework for DL and UL beam indication
In Rel15 TCI framework for DL is used where each TCI state has one or two QCL source RSs (one may be QCL-TypeD RS for spatial RX assumption). TCI framework is used for beam indication for CSI-RS, PDCCH and PDSCH.
In Rel15 spatial relation info configuration is used for UL beam indication where the spatial relation info provides UE with a DL or an UL RS based on which the UE forms UL TX beam for the target signal for which the spatial relation info is configured. Spatial relation info provides directly the spatial source for PUCCH and SRS while for PUSCH the applied spatial relation info is in-directly derived either from PUCCH (PUSCH scheduled with DCI format 0_0) or indicated SRS resource(s) (codebook based or non-codebook based PUSCH).
In general, the TCI state having QCL-TypeD as one RS could be used to replace uplink spatial relation as it provides the same main parameters as spatial relation info: serving cell index and reference signal. That is illustrated in Figure 6 where TCI state and SRS spatial relation info are provided [3GPP TS 38.331]. For PUCCH spatial relation info the similar configuration as for SRS is defined. 
[image: ]
[bookmark: _Ref40278851]Figure 6 TCI state and SRS spatial relation info.
Thus, applying TCI for PUCCH and SRS seems relatively straightforward:
· Replace spatial relation infos with TCI states
· In spatial relation update (RRC or MAC), TCI state is referred instead of the spatial RS

However, one can observe that for TCI state UL RS cannot be used as QCL source whereas for spatial relation info UL RS can be configured as spatial source currently.
Observation 3: For PUCCH and SRS, spatial relation info could be replaced with a TCI index having QCL-TypeD configured.
Observation 4: For a TCI state UL RS cannot be used as QCL source whereas for spatial relation info UL RS can be configured as spatial source.
As PUSCH scheduled with DCI format 0_0 uses the spatial relation info of the PUCCH resource with the lowest ID the TCI provided for the PUCCH resource can then act as spatial source for the PUSCH as well.
Observation 5: TCI state can be used for PUSCH scheduled using DCI format 0_0 as spatial relation is based on spatial source (in this case it could be QCL-TypeD RS of the configured TCI state) of the certain PUCCH resource. 
Then, regarding CB or NCB PUSCH the scheduling DCI refers to SRS resource(s) based on which the UE determines the PUSCH transmission. As discussed above, it would be relatively straightforward to replace spatial relation RS with a TCI state for the SRS resource. Thus, it would not need any other changes to support TCI state based PUSCH transmission.
As a summary, regarding the current uplink transmissions, i.e. PUCCH, SRS and PUSCH (scheduled either with DCI format 0_0 or 0_1), they could be TCI state based if one replaces PUCCH and SRS spatial relation RS with the TCI index. 
Proposal 3: Support replacing spatial relation reference signal with a TCI state for PUCCH and SRS resource. 
Even though from configuration point of view the use of TCI states for uplink beam indication may look relatively simple there may be some issues to take into account. One would be MPE, i.e. some TCI states may not be valid as basis for uplink transmission due to required high power backoff if the UE formed TX beam based on that TCI state (QCL-TypeD RS). In addition, potential uplink beam repetition/diversity transmissions (PUCCH and PUSCH) based on TCI states need to consider UE’s transmission capability e.g. in panel domain. That means the possible time between UE is able to transmit according to different TCI states in the case the transmissions would require different UE panels.
Proposal 4: TCI states that could be used for fast UL beam indication need to be restricted compared to DL beam indication e.g. due to MPE issue or UE’s transmission capability in uplink compared to reception capability in downlink in panel domain (e.g. UE may be able to receive using multiple panels at a time but transmit using a single panel at a time). 
Proposal 5: Consider beam repetition/diversity transmission schemes for PUCCH and PUSCH based on TCI states where UE’s transmission capabilities in panel domain are taken into account. 
Regarding fast panel and beam selection based on unified TCI framework, we discuss further in 2.3.1.

2.1.3	On Beam switching
One enhancement for supporting higher UE velocities would be to make beam switching faster than currently, i.e. to consider L1 signalling (DCI) based beam switching. It’s already supported for PDSCH by indicating the TCI state in DCI from the active TCI state list of the PDSCH. For the PDCCH a MAC CE based beam switching is supported in Rel15 and Rel16. For that RAN4 defines conditions for applicable switching delays in 3GPP TS 38.133 as follows:
· Conditions
· Target TCI state is a known TCI state
· Target TCI state in active TCI state list  Latency equals RAN1 specs’ defined switching latency
· Target TCI state is not in active TCI state list  Additional ~12 ms latency (assuming 20 ms SSB periodicity)
· Target TCI state is an unknown TCI state
· Additional latency for L1-RSRP measurement for Rx beam refinement

MAC CE based beam switching is secured by HARQ-ACK transmitted by the UE for the successful reception of the PDSCH carrying the beam switching command. However, for the current L1 based beam switching there is no feedback from the UE provided. Thus, robustness may become an issue for the L1 based beam switching for the PDCCH if no explicit feedback (HARQ ACK) is not provided by the UE. On the other hand, HARQ ACK could be introduced for the L1 based beam switching command.  
Based on above one could make the following observations: 
Observation 6: In order to make beam switching for PDCCH faster and signalled in L1, the target TCI state should be in the active TCI state list for PDSCH
· DCI based beam indication is not confirmed by HARQ-ACK in case of PDSCH currently – robustness for L1 based beam switching could be improved by HARQ-ACK for the successful reception of the switching command in DCI
· Activation of the TCI state for active TCI state list for PDSCH is subject to the same conditions as for TCI state switching for PDCCH (conditions above)

Proposal 6: Support L1 based TCI state switch for PDCCH with the following functionalities:
- the target TCI state is in the active TCI state list for PDSCH
- switch is confirmed with HARQ-ACK sent by the UE

2.2		L1/L2-centric inter-cell mobility 

RAN1 has agreed to identify and specify enhancements covering L1/L2 centric inter-cell mobility. At the start of the WI discussion it should be clarified that what is considered to be L1/L2 centric mobility, what kind benefits it provides when compared to L3 mobility i.e. how this improves or how it relates to L3 mobility procedures, and how they are run in parallel or in complementary manner. 
At first glance it It is not immediately obvious how the L1/L2 could improve the L3 centric mobility. The L1/L2 centric mobility, if e.g. based on the beam management framework would not be an event based mechanism for performing measurement reporting i.e. it would not make too much sense to duplicate the L3 mobility framework on lower layers, thus the main difference between these two could be seen as follows:
L3 mobility the triggered measurement report (such as A3, that typically triggers HO) is configured to be ”slow” in the sense that measurements are filtered at L3 and events triggered using Time to Trigger timers to avoid ping-pong/too early handovers, but still but fast enough that HO can be executed before the source cell link breaks. The benefit of this approach is that it has proven to work and it avoids the excessive reporting to network (saving radio resources and also UE battery life) i.e. UE reports only when configured to report. The reporting periodicities supported by the specification are somewhat limited due to the nature of the event based reporting i.e. there has not been a big need to support e.g. high periodicity reporting. 
Observation 7: L3 mobility based on UE event triggered reporting and is proven to work.
Observation 8: L3 mobility is event based and has relatively low signalling overhead.
In the L1/L2 centric mobility (based on the beam management framework) it would be left to network responsibility to do the measurement averaging/filtering and time domain evaluation for determining whether to trigger HO or other mobility procedures, so in some sense the L1/L2 would resemble similar to beam PDCCH/PDSCH beam management. The benefit of L1/L2 based decision making at network would be that network could potentially make faster decisions to handover UE to another cell as the beam management reporting can be configured with high periodicity (as opposed to current RRC measurement reporting)
Observation 9: L1/L2 centric mobility for inter-cell would move the measurement averaging and event triggering to network side, similar as in beam management for intra-cell. 
Observation 10: BM framework supports higher periodicity measurement reporting than L3 RRC level framework.
It should be noted that while at first glance the L1/L2 would provide tempting option to be used for fast HO triggering, the higher layer aspects should be considered as well: the cost of too early/too quick beam switch (PDCCH) in intra-cell case is considered to be low while in case of inter-cell mobility it triggers RRC level procedures and thus too quick/or wrong decision increase the signalling load and potential interruption. In addition, faster reporting increases the network processing load and it increases uplink signalling load. As a potential benefit of L1/L2 centric mobility, it could allow network “per UE” handling of reported measurements.
Observation 11: L1/L2 centric may complement the L3 mobility but not replace it.
Proposal 6: L1/L2 centric inter-cell mobility utilizes the beam management framework (measurements and reporting) and should not duplicate the RRC level event based mobility procedures at the lower layer.
Observation 12: L3 mobility procedures have to be always active (i.e. cell search, inter-cell measurements etc.), while it would not be beneficial for L1/L2 mobility.    
When considering the L1/L2 centric mobility and the above discussion, the simplest form to enable L1/L2 centric mobility would be just to enable UE reporting of neighbour cell measurements within the beam management framework e.g. UE could be configured to report beams of a non-serving cell.. To enable the reporting UE should have understanding that what signals are transmitted by the serving cell and what are transmitted by non-serving cell. Also the beam management reporting should be enhanced to support such operation. 
Observation 13: The simplest form of L1/L2 centric mobility could be just to enable beam reporting on non-serving cells. 
In any case, since the feMIMO track also considers inter cell multi-TRP, the relationship between the L1/L2 centric mobility and inter-cell M-TRP should be first clarified i.e. are they overlapping features (and how much overlap) or whether they can be studied and specified in joint framework. 
Proposal 7: RAN1 to discuss and clarify the scope of L1/L2 centric mobility and the relationship to inter-cell multi-TRP.

2.3		UL beam selection for UE equipped with multiple panels
2.3.1    Fast UL beam selection for UEs equipped with multiple panels
Primary operation mode in FR2 is where spatial relation infos for uplink signals refer to DL RS. In other words, downlink RSs are used to determine UL TX beams based beam correspondence at the UE. It’s to be noted that according to 3GPP TS 38.101-2, all UEs shall support beam correspondence regardless of the indicated beam correspondence capability. This is to avoid SRS based beam search and selection schemes that are resource hungry and introduce high system overhead.
Observation 14: Primary operation mode relies on DL RSs as spatial sources for UL TX beams and UE beam correspondence.
One of the objectives for the fast UL beam and panel selection is the use of a common TCI framework for DL and UL. Fast beam and panel selection are considered here similarly as L1 (DCI) based PDSCH TCI state indication, i.e. fast DL beam selection for PDSCH transmission. Depending on the UE capability timeDurationForQCL, the UE is assumed to be able to use assume PDSCH TCI state explicitly given in DCI if the scheduling offset between PDCCH and PDSCH is equal to or greater than timeDurationForQCL. Correspondingly for the uplink there could be a set of active TCI states that could be used in triggering uplink transmission in DCI. However, as the UE may be capable of transmitting only with one panel at a time while receive with multiple panels the active TCI state(s) for the feasible uplink should be such that UE is able to transmit without panel switching and related delay. 
Observation 15: As a starting point, set of activated TCI states could be used in uplink for fast beam and panel selection. However, the activated TCI states at a time for the uplink should be such that UE is able to transmit without panel switching and related delay when gNB selects one of the TCI states for the transmission.
Proposal 8: Study possibility to have activated TCI state(s) for the uplink fast beam and panel selection via DCI. 

2.3.2 MPE aware UL beam selection
Regarding UE FR2 RF Exposure mitigation methods we provide more thorough discussion in our companion paper [2]. Here we provide view on the possible beam management enhancements based on the discussion. 
As noted in [3GPP TS 38.101-2], use of P-MPR and maxUplinkDutyCycle may impact the maximum uplink performance for the selected UL transmission path. Since MPE issue may be highly directional in FR2, the required P-MPR and maxUplinkDutyCycle values would be uplink beam specific as well and would very likely be different among different candidate uplink beams across different UE panels. That means that certain beams, i.e. ones that may be pointing towards human body, may have potentially very high required P-MPR/low duty cycle while some other beams, i.e. ones of which beam pattern may not coincide human body, may have very low required P-MPR/high duty cycle. Thus, as MPE issue may be directional/beam specific, having multiple candidate beams across multiple panels provides the opportunity to determine beam pair links that have low required P-MPR/low duty cycle. 
[bookmark: _Ref16685245]Observation 16: In FR2 MPE related conditions may be beam specific and thus required P-MPR and duty cycle would be uplink beam specific. 
The primary DL and UL beam determination mode in FR2 is based on DL RS measurements and TX/RX beam correspondence at the UE where spatial source RSs for uplink signals and channels are DL RSs. In other words, downlink RSs are used to determine UL TX beam utilizing TX/RX beam correspondence at the UE. That is to avoid SRS based beam search, selection and refinement schemes that are resource hungry and that introduce high system overhead.
[bookmark: _Ref16685249]Observation 17: Primary operation mode in FR2 relies on DL RSs as spatial sources to determine UL TX beams.
Beam management enhancements regarding MPE issue in FR2 were discussed in Rel16 before it was concluded to drop the item from Rel16 in RAN1#98. The latest agreement from RAN1#97 discusses different alternatives for beam management enhancements to handle MPE issue in FR2 as follows: 
	Agreement
Down-select in RAN1#98 from the following options for beam management enhancements:
· Alt1. Support UE to report CRI/SSBRI where the CRI/SSBRI refers to a preferred spatial relation RS for UL transmission
· FFS: Whether to support SRI in addition to CRI/SSBRI
· FFS on details of the reporting configuration (e.g. separate or joint reporting with existing DL beam reporting, introduction of new information from UE such as MPR)
· Alt2. Support SRI field in the DCI can be used to indicate multiple SRS resources and UE’s autonomous selection of one SRS resource for PUSCH beam determination out of the multiple
· Alt3: Reuse Rel-15 beam specific PHR reporting to determine beam-specific MPE impact transparently, i.e., by difference value between Pc,max (which is calculated based on P-MPR) and the required transmission power.
· FFS: Enhancement on UL beam configuration for virtual PHR. 
· Alt4: No enhancements considering MPE issues in Rel-16 RAN1 specifications. It is up to UE implementation in conjunction to RAN4 specicfiation support.
If no consensus in RAN1#98, no further discussion in RAN1.



We consider those alternatives as a starting point for further analysis to avoid repeating the same Rel16 discussions. 
Since UL beam should be controlled by gNb, UEs suffering TX power restrictions due to MPE cannot blindly switch to another beam/panel. From the inherent directivity of mmW communications, beams from different panels are likely to see different TRPs/gNBs. Therefore, when a specific beam is affected by MPE, link maintenance without uplink beam failure requires a coordinated solution between the network and the UE.
Indeed, if UL transmission via a specific beam is affected by MPE and the gNB cannot receive UL, sweeping the other beams from the same panel may not reach the said gNB either. Alternatively, if the UE blindly sweeps its beams from other panels, they will likely not reach the serving gNB either (except with a lucky reflection from the environment). Therefore, a UE in severe MPE state needs a coordinated uplink TX beam switching to avoid RLF.
Observation 18: A UE in severe MPE state needs a coordinated uplink TX beam switch to avoid RLF.
Such coordination requires time, e.g. measuring and averaging over 3 samples of configured candidate spatial sources (SSBs/CSI-RSs). For example, the network can configure a UE such that x ms before the MPE event starts (i.e. the UE needs to restrict UL power), the UE starts monitoring a set of alternative options, e.g. reporting on spatial sources for the uplink TX determination that are feasible from MPE point of view. When the network has collected data on how to recover the link during the monitoring period, it can prepare the best link to address the MPE event and avoid losing the UL and avoid RLF.
During such monitoring state (before the actual MPE event), beam management can consider e.g. Alt1 for determining feasible spatial sources for uplink TX beam and Alt3 for P-MPR reporting per feasible spatial source or gNB may even trigger a handover, etc. With all the measurements form the monitoring state, the network configures the preferred UL/DL configuration once the MPE event starts to avoid RLF and preserve best possible link.
Proposal 9: Inform the gNB on the upcoming presence of a blocking user well before MPE actions are triggered to evaluate alternative uplink TX beams. Initiate monitoring for alternative links before the actual MPE event is triggered. In this way, the network has time to determine setup the best link maintenance for UL and/or DL during the MPE event and avoid RLF.
Regarding the Alt2, when triggering SRS transmission for PUSCH it’s expected that each SRS resource (usage being codebook (CB) or non-codebook (NCB)) is having a spatial source. In beam correspondence case, the spatial source is assumed to be a DL RS. Thus, a prior step for the Alt2 in typical operation would actually be a beam reporting to reveal the candidate spatial sources, i.e. Alt1. Alt2 would also require gNB to reserve multiple UL beam resources from which one would be used which is expensive in terms of gNB resource consumption. In addition, gNB utilizing analog beamforming architecture is able to receive from one RX beam at a time. Thus, we don’t see Alt2. being a feasible option. 
Relying on Alt4 could lead to a situation where UL beam selection cannot be based on DL RS, but SRS for BM, to be able reveal feasible UL beams. That would naturally lead to high system overhead as some level of SRS beam sweeping would be needed per UE. Thus, it is concluded that Alt4 is also not a feasible option. 
Alt1 is seen as a basis for MPE awareness where separate reporting for DL and UL beam selection is applied. However, Alt1 alone does not reveal how strong UL beams are if only CRI/SSBRI(s) of preferred spatial relation RS(s) for UL is/are provided. That could be supported if UE was able to provide e.g. beam specific PHR for the candidate beams based on DL RSs. It’s noted that Rel-15 beam specific PHR reporting, i.e. Alt3., is for 'actual PUSCH beam' (PHR type1) or 'actual SRS beam' (PHR type3) but not in general for candidate UL beams (i.e. for certain DL RSs). By having possibility for requesting – before the MPE event starts – the UE to provide PHR measure corresponding to a set of candidate UL beams provided by Alt1 (DL RSs as spatial sources) would provide gNB the information about how strong those candidate beams would be. 
Thus, we consider that from RAN1#97 alternatives, Alt1 + Alt3 enhanced with possibility for PHR type reporting per candidate UL beam (preferably L1 report) would provide feasible beam management enhancement considering MPE issue. Though these measurements need to be done pro-actively, as the gNB might not be able to receive UL anymore under MPE events.
[bookmark: _Ref16853806]Proposal 10: Support UE to report well before MPE events CRI/SSBRI, where the CRI/SSBRI refers to a preferred spatial relation RS for UL transmission and metric per CRI/SSBRI to reveal UL transmission capability under MPE events from achievable EIRP point of view (e.g. PHR or P-MPR reporting per candidate UL beam based on CRI/SSBRI). 

2.4 Other enhancements

2.4.1	Supporting TRS upon narrow P2 CSI-RS beam
Relationships between QCL source RSs and target signals and channels to be received in DL are illustrated in Table 1. CSI-RS for time and frequency tracking, i.e. periodic TRS (P-TRS), is the main QCL source RS for the reception of the target signals like CSI-RS for CSI acquisition, PDCCH and PDSCH reception as can be observed. 
[bookmark: _Ref47435913]Table 1 Relationships between QCL source RSs and target signals and channels to be received in DL
	Target signal or channel to be received
	QCL source RS
	

	P-TRS
	QCL-TypeC: SSB
QCL-TypeD: SSB

OR

QCL-TypeC: SSB
QCL-TypeD: CSI-RS with repetition (for P3)
	

	A-TRS
	QCL-TypeA: P-TRS
QCL-TypeD: P-TRS
	

	CSI-RS without repetition (P2, CSI acquisition)
	QCL-TypeA: P-TRS
QCL-TypeD: P-TRS

OR

QCL-TypeA: P-TRS
QCL-TypeD: SSB

OR

QCL-TypeA: P-TRS
QCL-TypeD: CSI-RS with repetition (for P3)

OR

QCL-TypeB: P-TRS

	

	CSI-RS with repetition (P3)
	QCL-TypeA: P-TRS
QCL-TypeD: P-TRS

OR

QCL-TypeA: P-TRS
QCL-TypeD: CSI-RS with repetition (P3)

OR

QCL-TypeC: SSB
QCL-TypeC: SSB

	

	PDCCH DMRS and PDSCH DMRS
	QCL-TypeA: P-TRS
QCL-TypeD: P-TRS

OR

QCL-TypeA: P-TRS
QCL-TypeD: CSI-RS with repetition (for P3)

OR

QCL-TypeA: CSI-RS without repetition (P2)
QCL-TypeD: CSI-RS without repetition (P2)

	




When operating at higher carrier frequencies like FR2 and above 52.6 GHz, larger and larger antenna arrays in terms of number of antenna elements are used at gNB. Further, to provide robustness in beam based system, multi-TRP deployment is essential. However, starting from SSB beam which may be a superposition transmission from multiple TRPs and targeting to the narrow transmit beam for the PDCCH and PDSCH, the beam width difference between SSB beam (wide beam) and PDCCH/PDSCH beam may be significant as illustrated in Figure 11.
[image: ]
[bookmark: _Ref39666570]Figure 11 Discrepancy in SSB and CSI-RS beam patterns.
Thus, the discrepancy between the properties of a P-TRS beam (wide) and the narrow PDCCH/PDSCH beam might be large implying need for being able to configure TRS upon narrow transmit beam. 
Observation 19: Discrepancy between the properties of a P-TRS beam (wide) and the narrow PDCCH/PDSCH beam may be large implying need for being able to configure TRS upon narrow transmit beam (P2 CSI-RS).
There are 6 steps to configure TRS upon narrow transmit beam as described in Figure 12.
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[bookmark: _Ref39666587]Figure 12 Steps to configure TRS upon narrow (based on P2 CSI-RS) transmit beam.
It can be observed that
· In order to use narrow transmit beam and to be able to configure TRS upon narrow transmit beam (more narrow than SSB) P3 CSI-RS needed (i.e. to train also UE RX beam)
· No possibility to configure TRS upon narrow transmit beam without training UE RX beam
· UE operating with wider RX beam could in some scenarios provide more robustness (scatterers/reflectors typically closer to UE than gNB)

Observation 20: In Rel15/Rel16
· In order to use narrow transmit beam and to be able to configure TRS upon narrow transmit beam (more narrow than SSB) P3 CSI-RS needed (i.e. to train also UE RX beam)
· No possibility to configure TRS upon narrow transmit beam without training UE RX beam
· UE operating with wider RX beam could in some scenarios provide more robustness (scatterers/reflectors typically closer to UE than gNB)

One simple enhancement is illustrated in Figure 13 where P-TRS can be configured upon P2 CSI-RS, i.e. P2 CSI-RS could act as QCL-Type D source. 
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[bookmark: _Ref39666770]Figure 13 P-TRS upon P2 CSI-RS beam.

Another simple enhancement in Figure 14 where a self-contained (without direct association to P-TRS with same QCL assumptions) A-TRS can be configured upon P2 CSI-RS, i.e. P2 CSI-RS could act as QCL-TypeD source for the A-TRS. A-TRS could be triggered in efficient manner by the gNB when needed, i.e. before the scheduled PDSCH transmission, for instance.
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[bookmark: _Ref39666830]Figure 14 A-TRS only upon P2 CSI-RS beam.

Proposal 11: Study feasibility of having P2 CSI-RS as QCL source for TRS.
Proposal 12: Consider supporting self-contained (no association to P-TRS) A-TRS upon P2 CSI-RS beam, i.e. P2 CSI-RS acting as a QCL source for the A-TRS.
2.4.2	Enhanced beam reporting for multi-beam/multi-TRP transmission
Figure 4 shows an example of Rel-15/16 TX-RX beam pair identification procedure for multi-TRP deployment where UEs are equipped with multiple antenna panels. In CSI-ReportConfig UE is configured to measure SSB resources from two TRPs, i.e. TRP#1 and TRP#2, and report related L1-RSRP values and SSB indices for the network. Based on a reporting configuration, the UE reports two strongest SSB indices, i.e. #12 and #14, and their corresponding L1-RSRP values to a serving TRP. Since measured L1-RSRP value of SSB#1 is smaller with respect to SSB #12 and #14, the UE does not report the value to the network. As a result of this, this may introduce problem for a multi-beam and multi-TRP operation. 
To avoid omitting of TX-RX beam pair identification from both TRPs, it is possible to increase the number of reported resources (up to 4) and/or configure separate CSI-ReportConfigs with channel resources for each TRPs. However, the increase of number of reported resources does not still guarantee (subject to the attenuation of the channel) TX-RX beam pair identification from neighboring TRPs. Furthermore, separate CSI-ReportConfigs for both TRPs lead to increased latency in terms of CSI measurements and reporting.       
Observation 21: Rel-15/16 beam reporting framework has a limited capability to operate efficiently in conjunction with multi-TRP transmission.  
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Figure 16 An example of Rel-15 TX and RX beam identification procedure.
For further refinement of TX-RX beam pairs, identified SSB resources are used as spatial domain Quasi-Co-Location (QCL) sources for NZP-CSI-RS resources associated with sub-beams of SSB beams. In this example, UE identifies NZP-CSI-RS resource indices, i.e. CRI#2, CRI#3, CRI#0 and CRI#1 by assuming SSB#12 and SSB#14, respectively, as a spatial QCL source. However, this may introduce a problem to identify spatially sufficiently separable TX-RX beam pairs that can be used to achieve higher rank (>2) transmission for the UE. It is also worth noting that one RX antenna panel is only able to direct RX beam into a one spatial direction at the time leading also restrictions to enhance the rank of the reception in single or multi-TRP deployment scenario.   
Observation 22: Rel-15/16 beam reporting framework has a limited capability to efficiently enable multi-beam high rank transmission in single/multi-TRP environment.  
To enhance Rel-15/Rel-16 beam based operation, it would be beneficial to consider different beam reporting enhancements in Rel-17 enabling efficient multi-beam operation in single/multi-TRP environment.
Proposal 13: Consider different beam reporting enhancements for Rel-17 to enable efficient multi-beam operation in single/multi-TRP environment.  
3	Conclusions
Based on the discussion the following observations and proposals were made:
Enhancements to support more efficient intra-cell mobility:
Observation 1: Common spatial source (QCL-Type D RS or Spatial Relation RS) for DL and UL separately can be provided across CCs in Rel15/Re1l6:
· In Rel15/Rel16 a DL RS in one CC can act as QCL-TypeD RS for DL channels in other CCs
· In Rel15/Rel16 a DL RS in one CC can act as Spatial Relation RS for UL channels in other CCs

Observation 2: In high mobility case, it’s possible to configure UE with one CC list having all the configured CCs in the list and then using one MAC command the TCI state can be switched across all the CCs simultaneously.
Proposal 1: Support common beam defined by a TCI state for DL control and data and UL control and data that takes into UE’s UL transmission capability, e.g. MPE. This may include the following options:
· Separate common beams for DL (control and data) and UL (control and data)
· Common beam for DL and UL (control and data)

Proposal 2: Support common beam for DL and UL (control and data) per TRP in multi-TRP scenario for the UE.
Observation 3: For PUCCH and SRS, spatial relation info could be replaced with a TCI index having QCL-TypeD configured.
Observation 4: For a TCI state UL RS cannot be used as QCL source whereas for spatial relation info UL RS can be configured as spatial source.
Observation 5: TCI state can be used for PUSCH scheduled using DCI format 0_0 as spatial relation is based on spatial source (in this case it could be QCL-TypeD RS of the configured TCI state) of the certain PUCCH resource. 
Proposal 3: Support replacing spatial relation reference signal with a TCI state for PUCCH and SRS resource.
Proposal 4: TCI states that could be used for fast UL beam indication need to be restricted compared to DL beam indication e.g. due to MPE issue or UE’s transmission capability in uplink compared to reception capability in downlink in panel domain (e.g. UE may be able to receive using multiple panels at a time but transmit using a single panel at a time). 
Proposal 5: Consider beam repetition/diversity transmission schemes for PUCCH and PUSCH based on TCI states where UE’s transmission capabilities e.g. in panel domain are taken into account.
Observation 6: In order to make beam switching for PDCCH faster and signalled in L1, the target TCI state should be in the active TCI state list for PDSCH
· DCI based beam indication is not confirmed by HARQ-ACK in case of PDSCH currently – robustness for L1 based beam switching could be improved by HARQ-ACK for the successful reception of the switching command in DCI
· Activation of the TCI state for active TCI state list for PDSCH is subject to the same conditions as for TCI state switching for PDCCH (conditions above)

Proposal 6: Support L1 based TCI state switch for PDCCH with the following functionalities:
- the target TCI state is in the active TCI state list for PDSCH
- switch is confirmed with HARQ-ACK sent by the UE

L1/L2-centric inter-cell mobility:
Observation 7: L3 mobility based on UE event triggered reporting and is proven to work.
Observation 8: L3 mobility is event based and has relatively low signalling overhead.
Observation 9: L1/L2 centric mobility for inter-cell would move the measurement averaging and event triggering to network side, similar as in beam management for intra-cell. 
Observation 10: BM framework supports higher periodicity measurement reporting than L3 RRC level framework.
Observation 11: L1/L2 centric may complement the L3 mobility but not replace it.
Proposal 6: L1/L2 centric inter-cell mobility utilizes the beam management framework (measurements and reporting) and should not duplicate the RRC level event based mobility procedures at the lower layer.
Observation 12: L3 mobility procedures have to be always active (i.e. cell search, inter-cell measurements etc.), while it would not be beneficial for L1/L2 mobility.    
Observation 13: The simplest form of L1/L2 centric mobility could be just to enable beam reporting on non-serving cells.
Proposal 7: RAN1 to discuss and clarify the scope of L1/L2 centric mobility and the relationship to inter-cell multi-TRP.
Fast UL beam selection for UE equipped with multiple panels:
Observation 14: Primary operation mode relies on DL RSs as spatial sources for UL TX beams and UE beam correspondence.
Observation 15: As a starting point, set of activated TCI states could be used in uplink for fast beam and panel selection. However, the activated TCI states at a time for the uplink should be such that UE is able to transmit without panel switching and related delay when gNB selects one of the TCI states for the transmission.
Proposal 8: Study possibility to have activated TCI state(s) for the uplink fast beam and panel selection via DCI. 
Observation 16: In FR2 MPE related conditions may be beam specific and thus required P-MPR and duty cycle would be uplink beam specific. 
Observation 17: Primary operation mode in FR2 relies on DL RSs as spatial sources to determine UL TX beams.
Observation 18: A UE in severe MPE state needs a coordinated uplink TX beam switch to avoid RLF.
Proposal 9: Inform the gNB on the upcoming presence of a blocking user well before MPE actions are triggered to evaluate alternative uplink TX beams. Initiate monitoring for alternative links before the actual MPE event is triggered. In this way, the network has time to determine setup the best link maintenance for UL and/or DL during the MPE event and avoid RLF.
Proposal 10: Support UE to report well before MPE events CRI/SSBRI, where the CRI/SSBRI refers to a preferred spatial relation RS for UL transmission and metric per CRI/SSBRI to reveal UL transmission capability under MPE events from achievable EIRP point of view (e.g. PHR or P-MPR reporting per candidate UL beam based on CRI/SSBRI). 
Other enhancements:
Observation 19: Discrepancy between the properties of a P-TRS beam (wide) and the narrow PDCCH/PDSCH beam may be large implying need for being able to configure TRS upon narrow transmit beam (P2 CSI-RS).
Observation 20: In Rel15/Rel16
· In order to use narrow transmit beam and to be able to configure TRS upon narrow transmit beam (more narrow than SSB) P3 CSI-RS needed (i.e. to train also UE RX beam)
· No possibility to configure TRS upon narrow transmit beam without training UE RX beam
· UE operating with wider RX beam could in some scenarios provide more robustness (scatterers/reflectors typically closer to UE than gNB)

Proposal 11: Study feasibility of having P2 CSI-RS as QCL source for TRS.
Proposal 12: Consider supporting self-contained (no association to P-TRS) A-TRS upon P2 CSI-RS beam, i.e. P2 CSI-RS acting as a QCL source for the A-TRS.
Observation 21: Rel-15/16 beam reporting framework has a limited capability to operate efficiently in conjunction with multi-TRP transmission.  
Observation 22: Rel-15/16 beam reporting framework has a limited capability to efficiently enable multi-beam high rank transmission in single/multi-TRP environment.  
Proposal 13: Consider different beam reporting enhancements for Rel-17 to enable efficient multi-beam operation in single/multi-TRP environment.  

References 
[1] [bookmark: _Hlk47530307][bookmark: _Ref525556233]RP-193133, “New WID: Further enhancements on MIMO for NR”, Samsung

image4.png
PUCCH-SpatialRelationinio
pucch-spatialRelationInfold
servingCellld
referencesignal

ssb-Index
csi-R3-Index
sxs

servingCellld

Ifthe field is absent, the UE applies the ServCellld of the serving cell in which this
PUCCH-SpatialRelationinfo is configured

SEQUENCE {
PUCCH-SpatialRelationInfold,
ServcellIndex
crorce {
238-Index,
NZP-CSI-RS-Resourceld,
SEQUENCE {
resource
uplinkswe

SRS-Resourceld,
Bwe-1d




image5.png
Spatial
eeRs. CC#O Ccc#l cc#2 CCE3
(SSB/CSI-
RS/SRS)

N
! Y N \\\
: \ \ .
\ By [ —\ 1\ -
N Spatial :Spatlal Spatial Spatial
~| Src#x \Sre#x Src#x Src#x
DLRS DLRS DLRS ‘DLRS
(cc#0) (cc#0) (cc#0) (cc#0)





image6.png
TCI State

sequmnce {
servoellindex
swe-za
cuorce (
N3P-CST-RS-Rescurce1d,
ssB-tndex

ENUMERATED (eyped, type, typeC, typed),

Spatial relation

SRs-spatialRelationInfo ::=
servingCellid
zeferencesignal

info

sequexce {
Servoelllndex
cuoce {
ssB-Index,
N2P-CSI-RS-Rescurceld,
sequence {
SR3-Resourced,
swe-zd




image7.png
. SSB/ TRS beam pattern

. P2 CSI-RS beam pattern

TRP




image8.png
Spatial RX
assum| ption

Step #: 1





image9.png
P3 CSI-RS P-TRS





image10.png
PD(
bl
P-TRS

Spatial RX
assumption
P2 CSI-|
Step #: 1 2 3 4
Confidential




image11.png
Spatial RX
assumption
P2 CSI-| A-TR





image12.png




image1.png
111ndex

(
P-CS1-RS-Res
55B-Index

' cell |
| The UE's serving cellin which the referenceSignal is configured. Ifthe field is absent, it !
' applies to the serving cell in which the TCI-State is configured. The RS can be located on |
@ senving celloffier than the serving cel in which the TCI-State is configured only ifthe !
' qol-Type is configured as typeC or typeD. See TS 38.214 [19] clause 5.1.5 ,





image2.png
CC#3

QCL-T D
SR ccso cos1 cewe

(SSB/CSI-RS)
r
! \ \ \
! \ \ \
' \ N N
\ T N\ ‘
N | ICH#Ex :TC\#X TCix |\ TCl#x
sLQce 1QCL [\QCL \QCL
Src Src Src Src





image3.png
QCL-TypeD

sourceRS ccxo e CC#2 CC#3
(SSB/CSI-RS)
/ \ . \
' \ \ \
\ — N
\ TCl#x ' TCI#x TCix |\ TCl#x .
“lacL l|QCL L QcL \acL Single !‘ééc update
Src Src Src Src acrosstts

Confidential




