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Introduction
This paper is related to the new WID on further enhancements to MIMO in 5G NR Release 17 [1]. In the WID, the following objectives are outlined for beam management enhancements for feMIMO. 
	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 signalling mechanisms for the above features to improve latency and efficiency with more usage of dynamic control signalling (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 paper, we present discussion on the objectives agreed in RAN1#102-e and corresponding agreements up to RAN1#104bis-e, as well as analysis of SLS results for intra and inter-cell mobility according to simulation assumptions agreed in [2].
Issue 1: Unified TCI Framework

	[bookmark: _Hlk61866023]Agreements from RAN1#104-e:

Agreement
On Rel.17 unified TCI framework, the supported source/target QCL relations in the current TS38.214 V16.4.0 is supported for QCL Type D.  
· Note: This implies that the following source RS types for DL QCL (Type D, for DL RX spatial filter reference) information for DL UE-dedicated reception on PDSCH and all/subset of CORESETs are supported:
· CSI-RS for beam management 
· CSI-RS for tracking
· FFS (to be decided by RAN1#104bis-e): If SSB, CSI-RS for CSI, and/or SRS for BM are also supported as source RS types 

Agreement
On Rel.17 unified TCI framework, by RAN1#104bis-e, down select or modify at least one from the following alternatives:
· Alt1. A UE can be dynamically indicated with either joint DL/UL TCI or separate DL/UL TCI 
· Details on dynamic indication are FFS
· FFS: UE capability for the support of joint DL/UL TCI and/or separate DL/UL TCI
· Alt2A. A UE can be configured with either joint DL/UL TCI or separate DL/UL TCI via RRC signaling
· Alt2B. A UE can be configured with either joint DL/UL TCI, separate DL/UL TCI, or both via RRC signaling
· Alt3. A UE can be configured with either joint DL/UL TCI or separate DL/UL TCI via MAC CE signaling
· Details on how this is signaled in relation to TCI activation are FFS

Agreement
On Rel.17 unified TCI framework, decide by RAN1#104bis-e:
· Whether DL or, if applicable, joint TCI also applies to the following signals. If not, FFS any other enhancement over Rel.15/16:
· CSI-RS resources for CSI
· Some CSI-RS resources for BM, if so, which ones (e.g. aperiodic, repetition ‘ON’)
· CSI-RS for tracking
· Whether UL or, if applicable, joint TCI also applies to the following signals
· Some SRS resources or resource sets for BM

Agreements from RAN1#104bis-e:

Conclusion
On Rel.17 unified TCI framework, at least for dynamic-grant/configured-grant based PUSCH and all of dedicated PUCCH resources in a CC, there is no consensus in supporting non-BM CSI-RS other than for tracking and non-BM SRS as source RS types for UL TX spatial filter reference
No further discussion in Rel-17

Agreement
On the setting of UL PC parameters except for PL-RS (P0, alpha, closed loop index) for Rel.17 unified TCI framework, for each of PUSCH, PUCCH, and SRS, in RAN1#105-e, further discuss to down-select or combine from the following alternatives:
1. AltA. The setting of (P0, alpha, closed loop index) is also associated with UL or (if applicable) joint TCI state
1. AltB. The setting of (P0, alpha, closed loop index) is also included with UL or (if applicable) joint TCI state
1. AltC. The setting of (P0, alpha, closed loop index) is neither associated with nor included in UL or (if applicable) joint TCI state
Note: It has been agreed that the setting of (P0, alpha, closed loop index) is associated with UL channel or UL RS (therefore the setting is channel- and signal-specific).

Agreement
On Rel.17 unified TCI framework, in RAN1#105-e, further discuss to down select or combine from the following three alternatives for PL-RS (note: the text below is based on the agreed description in RAN1#104-e):
· AltA. PL-RS can be included in UL TCI state (or, if applicable, joint TCI state).
· FFS: Whether it is always included or not. If not included, PL-RS is the periodic DL-RS used as a source RS for determining spatial TX filter or the PL RS used for the UL RS in UL or (if applicable) joint TCI state. 
· AltB. PL-RS can be associated with (but not included in) UL TCI state (or, if applicable, joint TCI state)
· FFS: Exact association mechanism
· FFS: Whether it is always associated or not. If not associated, PL-RS is the periodic DL-RS used as a source RS for determining spatial TX filter or the PL RS used for the UL RS in UL or (if applicable) joint TCI state
· AltC. UE calculates path-loss based on periodic DL RS configured as the source RS for determining spatial TX filter in UL or (if applicable) joint TCI state 
· FFS: If a PL RS is not included in or associated with the UL TCI state (or, if applicable, joint TCI state), whether the UE can estimate path-loss based on the PL-RS of an UL RS provided in an UL TCI state (or, if applicable, joint TCI state) as a source RS for determining the spatial TX filter.
In addition:
· FFS (to be decided in RAN1#105-e) whether a fallback scheme is needed and, if so, the details 
· FFS: Support additional UE capability to report whether above PLRS determination mechanism is supported
· Note: As agreed in RAN1#104-e, the total number of maintained PL-RSs per CC is no more than 4
· FFS: investigate the condition(s) agreed in Rel-17 and, if needed, study whether a UE can simultaneously maintain more than four path-loss estimates based on UE capability
· FFS: UE capability for maximum number of active PL-RS across CCs per band




Unified TCI Framework for Uplink
In Rel-16 uplink spatial relation information framework, the PUCCH-SpatialRelationInfo includes a PUCCH Pathloss Reference RS ID, a  and closed loop index as mandatory parameters. For SRS and PUSCH, pathloss reference RS update MAC-CE can provide the relevant pathloss reference RS ID from the set of configured pathloss reference RSs. Therefore, in order to ensure similar functionality as Rel-16 NR, the joint DL/UL or separate UL TCI state should include the pathloss reference RS ID, as well  and closed loop index for PUCCH as part of the TCI state configuration. The SRS and PUSCH pathloss reference RS ID can either be separately updated via MAC-CE (similar to current NR operation) or optionally included in the TCI state. Therefore, for PUCCH pathloss RS, we prefer Alt A and for power control parameters we prefer Alt B from the agreement in RAN1#104bis-e. 

Since the unified TCI framework aims to provide a common beam for all uplink channels using joint or separate TCI indication, it is likely that the same pathloss reference RS may be used for pathloss estimation for all uplink channels which use the common beam. Therefore, the same approach may also work for SRS and PUSCH. However, for the current framework, SRI field in the scheduling DCI is used to select a power control parameter from the configured power control parameter sets in SRI-PUSCH-PowerControl when the SRI field is present in DCI. Currently since DCI 0_x is not agreed for beam indication for unified TCI framework and only the fallback options when SRI field is not present have to be used. Therefore, using the same approach as PUCCH along with agreed DCI indication framework may provide a good solution to handle power control parameter indication. MAC-CE may additionally be used to reconfigure PL RS for PUCCH/PUSCH/SRS if needed.
Proposal 1: Joint DL/UL and separate UL TCI configuration should include the pathloss reference RS ID and UL power control parameters (P0, alpha, closed loop index) for PUCCH as a mandatory configuration. 
Proposal 2: SRS and PUSCH pathloss reference RS ID can be optionally included in the TCI state configuration or updated by MAC-CE
Additionally, for PL-RS signaling, each alternative already lists out the default assumption in case the configuration in the main bullet is not provided. Therefore, we do not see the need to specify an additional fallback scheme on top the alternatives. For progress, the support of PL-RS signaling and the total number of PL-RS across CCs per band can be up to UE capability.
Finally, based on offline discussion for applicability of unified TCI framework to signals and channels which do not share the same Rel-17 TCI state as the UE-dedicated reception on PDSCH and on all or a subset of CORESETs, two options are currently being discussed – 
1. Alt1. Rel-15/16 TCI state and, if applicable, UL spatial relation update signaling/configuration mechanism(s) are reused to update/configure the Rel-17 TCI state
1. Alt2. New TCI state update signaling/configuration mechanism(s) are used, e.g. using M>1 and/or N>1 with Rel-17 MAC-CE/DCI-based beam indication for Rel-17 joint/separate TCI
In this case, if Alt 1 is selected, then for Rel-17 we will end up with a set of disparate frameworks for UL beam indication i.e., unified TCI framework with joint and separate TCI states as well as the older spatial relation information signaling. A cleaner design is to replace the spatial relation information signaling with joint or separate UL TCI and not to have the older framework partially co-exist with the Rel-17 framework but with limited functionality. To this end, Alt 2 would be more preferable although the UL signals or channels which cannot share the same common beam with PUSCH/PUCCH needs to be clarified first. 
Proposal 3: Rel-17 Unified TCI framework should be considered as a replacement for the Rel-15/16 UL spatial relation information framework and co-existence should not be considered with fragmented functionality.
Unified TCI Framework for Downlink
In RAN1#104-e it was agreed that supported source/target QCL relations in Rel-16 are also valid for the Rel-17 unified TCI framework. There was additional discussion whether SSB and SRS for beam management should be supported as additional source RS for DL QCL Type D. On the issue of using SSB directly as a source RS for DL, the technical benefits of such a configuration do not seem very clear since CSI-RS for tracking is mandatorily configured and it is quasi co-located with an SSB. Hence configuring the TRS as a QCL source should serve the same purpose without additional support of SSB as a direct QCL source. For CA cases, the TRS can be QCL-ed with the same SSB and hence motivation to additionally support the SSB is unclear. 

Proposal 4: SSB is not required to be supported as an additional DL QCL source RS for the unified TCI framework.

Similarly, in the case of SRS for BM, it is expected that a periodic DL RS is configured at least for pathloss estimation. Therefore, this periodic DL RS can be used as the QCL source without the need for configuring SRS as a QCL source and we see no benefit for such configuration. 

Proposal 5: SRS for BM is not is not required to be supported as an additional DL QCL source RS for the unified TCI framework.

Another open issue is whether DL or joint DL/UL TCI is also applicable for CSI-RS for CSI, some CSI-RS for BM and TRS. When a joint TCI state is indicated, the UE should be capable of further beam tracking and CSI reporting with respect to the indicated beam and therefore we do not see the need for restricting the applicability of DL or joint TCI for these CSI-RS resources.

Proposal 6: DL or joint DL/UL TCI also applies to CSI-RS resources for CSI, CSI-RS resources for BM and CSI-RS for tracking
TCI State Pool Design and Configuration of TCI states
TCI State Pool
Joint DL/UL TCI states for common DL/UL beam update, as well UL TCI state for separate UL beam update have been agreed. However, how these TCI states are configured to the UE is still under discussion. Currently, the configuration and indication of TCI state for DL works via MAC-CE which activates up to 8 TCI states, one of which can be activated by the DL scheduling DCI. Similar operation is envisioned for Rel-17 beam indication and therefore to simplify operation and reduce overhead of configuration, UL TCI states for separate beam indication should share the same TCI state pool along with DL TCI states. If separate TCI state pools are chosen, then UE will need to be configured with two separate activated TCI state lists by different MAC-CEs leading to higher DL overhead while the benefits for such configuration is unclear. If necessary, it is more preferable to increase the number of activated TCI states from 8 to 16 bits and use a 4-bit DCI field to indicate TCI states. 
Proposal 7: Separate UL TCI states and joint DL/UL TCI states will share the same TCI state pool as DL TCI states.

For common TCI state pool design, certain fields in the TCI state IE can be optional for different types of TCI states i.e., UL power control related parameters are omitted from DL TCI states. 
TCI State Configuration and Usage Indication
The Rel-17 unified TCI framework is envisioned to be a flexible framework enabling fast beam switching across a multitude of scenarios. Since the framework now includes three different types of TCI states namely, joint DL/UL, separate DL and separate UL TCI state, each with its own applicable use case, switching between such TCI states should be kept flexible. If RRC based configuration is required to indicate a joint DL/UL vs separate DL or UL TCI state, the benefit of fast beam switching cannot be realized. Therefore, by default, a UE should be capable of being indicated with any type of TCI state through dynamic signaling. Based on previous agreement, we prefer Alt1 for maximum flexibility.
Proposal 8: A UE can be dynamically indicated with either joint DL/UL TCI or separate DL/UL TCI
The detailed indication can include the configuration of TCI states to TCI codepoints via MAC-CE where the MAC-CE also includes TCI state usage indication i.e., the MAC-CE will additionally configure TCI usage per codepoint such that the UE knows the type of TCI state when indicated with a DCI codepoint. In this framework, UE can also be configured with more than one TCI state per codepoint in case separate DL and UL TCI states are simultaneously activated. A use case for such activation is when UE receives DL from a macro cell but sends UL to small cell for load balancing and therefore beam correspondence does not apply.
[image: ]
[bookmark: _Ref62471865]Figure 1: Enhanced TCI States Activation/Deactivation for UE-specific PDSCH MAC CE

For example, we can consider the enhanced TCI activation MAC-CE. The Reserve field can be used for TCI usage indication and the combination of the Ci bit and R bit can be reinterpreted for TCI state usage indication.
Proposal 9: TCI state usage can be configured via MAC-CE where the type of TCI state configured to each codepoint is separately configured. The UE when indicated with a TCI codepoint associates the codepoint with joint DL/UL or separate DL or UL TCI state based on the MAC-CE configuration for the indicated codepoint. 
Intra and Inter-Band CA
For the case of CA, from a RAN1 perspective it is desirable to support the feature without restrictions i.e., the inter-band CA case should be also supported. For the case of TCI state pool configuration for CA, a single shared RRC TCI state pool across CCs can save some RRC overhead depending on the number of configured CCs. Since CCID for a QCL Type A is absent in the TCI state, it needs to be implicitly determined. Alternately, the RRC TCI state ID pool can be configured per CC. While both options present a valid solution, Option 1 is slightly preferred since it has the potential to save overhead when multiple CC’s are configured. 
Proposal 10: A shared or common RRC TCI state pool is supported for a set of configured CCs. The QCL Type A RS reference is implicitly determined based on the target CC of the TCI state. 
It was also agreed that “same/single RS determined according to the TCI state(s) indicated by a common TCI state ID is used to provide QCL Type-D indication and to determine UL TX spatial filter across the set of configured CCs”. However, some companies pointed out that based on current agreement and restrictions of Rel-15 QCL chain, the QCL Type-D chain may enforce the gNB to transmit CSI-RS with repetition. To alleviate this issue, the same rule for Type A derivation i.e., QCL Type D RS can be determined in each CC from the common TCI state ID and the determined RSs can be QCL’ed with the same QCL Type D RS. 
[image: ]
Proposal 11: Separate QCL-TypeD RS can be determined from the common TCI state ID(s) for each of the CCs. The determined QCL-TypeD RSs for the set of CCs are further associated with a same QCL-TypeD RS. 
[bookmark: _Hlk47732020]Issue 2: L1/L2 based Inter Cell Mobility
	Agreements from RAN1#104bis-e:
Agreement
On Rel.17 multi-beam measurement/reporting enhancements for L1/L2-centric inter-cell mobility and inter-cell mTRP, 
· On the value of K (defined in RAN1#104-e as the number of beam qualities associated at least with non-serving cell(s) can be reported in a single CSI reporting instance), 
· For the supported maximum value(s) of K, down-select at least one from the following candidates {4, 8, 16}
· FFS: whether the maximum value of K is a UE capability
· Periodic, semi-persistent, and aperiodic reporting (and the respective measurements) are supported.
· Note: Semi-persistent and aperiodic reporting (and their respective measurements) are NW-initiated

Agreement
On Rel.17 multi-beam measurement/reporting enhancements for L1/L2-centric inter-cell mobility and inter-cell mTRP, 
· In one reporting instance, depending on NW configuration, beam(s) associated with a non-serving cell can be mixed with that associated with serving-cell 
· FFS: whether this applies to periodic, semi-persistent, and/or aperiodic
· FFS: How to report the K beams and corresponding qualities if the Tx power among the non-serving cell and with serving-cell is not the same
· Note: The supported numbers of non-serving cells (in terms of measurement/reporting) have not yet been decided. The above description doesn’t imply only one non-serving cell is allowed to be configured for measurement. Nor does this imply that only one non-serving cell is allowed in one reporting instance.

Agreement
On Rel.17 multi-beam measurement/reporting enhancements for L1/L2-centric inter-cell mobility and inter-cell mTRP, for L1-RSRP measurement and at least aperiodic reporting, investigate and, if needed, specify MAC CE based dynamic activation/deactivation of a subset of higher-layer-configured measurement for non-serving cell SSBs




Timing Advance for Uplink in L1/L2 Mobility
In RAN1#104-e meeting, it was agreed that beam reporting from non-serving cells for up to K beams will be supported. A UE which reports measurements from an SSB, or potentially other RSs associated with non-serving cell may be configured with a TCI state (joint DL/UL or separate UL) corresponding to the non-serving cell. While measurement and reporting have been discussed thus far, uplink transmission has not been discussed in detail. Specifically, in case the UE is switched to a new cell using only L1 measurements, the UE may also need to update its TA in the uplink assuming a synchronous network and within CP uplink reception in the new cell. In this case, if additional signaling is needed following TCI state indication i.e., RRC reconfiguration of TA groups (TAG) and additional MAC-CE signaling of TA for the new cell, it may lead to added latency. 


[bookmark: _Ref68612199]Figure 1: Timing Advance update for L1/L2 centric inter-cell mobility
Figure 1, shows the scenario where the UE may be misaligned with respect to uplink timing if the TA is not updated for TCI states corresponding to a non-serving cell. In this case an option would be to pre-configure TAGs with some association to the PCID of the serving and non-serving cells. When a UE is indicated with a TCI state associated with a particular PCID, the UE may be able to update the TA according to the preconfigured TAG whose associated PCID matches the TCI state. Alternately, the groups of TCI states can be associated with a particular TAG-ID such that the UE, when indicated with a non-serving cell TCI state can implicitly associate the correct TA value with the TCI state.
Proposal 12: For DCI based TCI state indication associated with a non-serving cell for L1/L2 centric inter cell mobility, TA should be adjusted for UL transmission where the TAG could be associated with a PCID or a group of TCI states corresponding to a PCID. 
Mobility Enhancement in RAN1 
In the rather lengthy agreements from the last two RAN1 meetings, a lot of different options have been listed for support of L1/L2 based mobility enhancement. However, the scope of such enhancement first needs to be clarified at a functional level in terms of what RAN1 can achieve independently of RAN2. As discussed in the last meeting and the LS sent to RAN2, their guidance is imperative to design a practical feature. However, RAN1 also needs to clarify the scope to be handled in RAN1 as we wait for the response LS from RAN2. To this end, we outline the following options for the scope of L1/L2 based mobility enhancement.
· Option 1: Serving cell change relies on existing L3 HO procedure i.e., L1/L2 mobility does not support serving cell change. Similar to CoMP Scenario 3 in LTE with minimal impact on RAN2. RAN1 impact is introduction of PCID in TCI state configuration. RRM/RLM is not impacted since serving cell does not change.
· Option 2: Serving cell change via L1/L2 signaling (intra-DU). From RAN2 perspective, no MAC/RLC reconfiguration but RRM/RLM needs to be updated.
· Option 3: Serving cell change via L1/L2 signaling (both intra- and inter-DU). From RAN2 perspective multiple non-serving cells can be pre-configured and RRM/RLM needs to be updated
For Option 1, serving cell ID is not changed and L1/L2 mobility only supports TCI state change from one TRP to another. Under this option, the only enhancement required is to include the PCID in TCI state. L1 measurements and RRM/RLM measurements and reporting are not impacted since serving cell remains the same. 
For Options 2 and 3, serving cell change is handled using L1/L2 signalling which then replaces L3 HO procedure. Both Option 2 (intra DU) and Option 3 (inter- and intra-DU) needs additional work from RAN2 and should be ideally handled or led by RAN#2 as part of mobility enhancements. 
Based on the discussion above, and irrespective of the reply to the LS from RAN2, we believe only Option 1 falls within the scope of enhancements which can be independently handled by. Any other enhancement involving L1/L2 based handover whether it co-exists with or replaces current procedure should be left to RAN2. 
[bookmark: _Hlk71657305]Proposal 13: For L1/L2 based inter-cell mobility change of serving cell is not allowed. UE can be indicated with TCI state of non-serving cell without changing serving cell ID.
In the case that Option 2 or 3 is envisioned as the scope for this agenda, we prefer that this is handed to RAN2 since there is major impact to higher layer specification. Additionally, as highlighted below, updates to L1 measurement and reporting may also be needed based on SLS results for inter-cell mobility. 
L1 Measurement and Reporting for Option 1
In RAN1#104-e a framework for supporting L1-measurement based reporting for non-serving cell beams was agreed. To this end, a UE can report up to K non-serving cell beams in a single CSI reporting instance. The value of K can be a UE capability which is reported. Additionally, if PCID is associated with SSB or TCI state configuration, then the UE should be able to report both serving and non-serving cell measurements in the same CSI reporting instance as agreed in the last meeting. The mixed reporting of serving and non-serving cell information should apply at least to aperiodic reporting. 
Proposal 14: The value of K non-serving beams which can be reported is based on UE capability 
The scope of enhancement in RAN1, if limited to Option 1 as discussed above, the level specification changes to support the L1/L2 based mobility should be minimized and to that end, the current beam reporting metric of L1-RSRP should be sufficient if the UE is reporting single beams without the scope of a full handover to a non-serving cell. Additionally, if TX power between serving and non-serving cells are mismatched, the gNB may be able to account for this based on the signalled L1-RSRP which is associated with an SSB from a non-serving cell and information about power offset which may be available. 
Proposal 15: L1-RSRP is used as the beam reporting metric and the reporting is done via existing L1-RSRP report
Discussion on Potential L1 Measurement and Reporting for Options 2 and 3
In this section we present initial evaluation results on inter-cell mobility to highlight current issues which need to be addressed in order to enable L1 based mobility procedures. For the purpose of this evaluation, we did not model the random handover delay and interruption time in [2] since it would render the objective of the evaluation useless if we were not able to observe the impacts of L1 impairments on the performance.
In the follow we show the case of L1-handover modeled using a handover threshold of 3dB i.e., handover is assumed when the RSRP of a non-serving cell is 3dB higher than the RSRP of a serving cell. We perform evaluation with and without UE rotation modeling as before. Note that the front panel of the UE faces the direction of motion.
[image: ][image: ]
Figure 2: (L) Handover locations for UE with no rotation. (R) Handover locations for UE with 1 RPM rotation. The impact of rotation is a significant ping-pong effect where the UE performs multiple handovers.

In this evaluation, Tx beam averaging is used from the gNB but time domain filtering of RSRP is not assumed. When time domain filtering of RSRP is implemented with a low pass filter such that RSRPavg = *RSRPnew + (1-)*RSRPavg with =0.5, the number of handovers is shown to be reduced from 33 to 20 while RSRP performance on the best beam pair link remains almost identical.
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Figure 3: Time domain RSRP filtering improves handover performance by reducing ping pong effect
Based on the evaluation results it is seen that L1-RSRP averaging needs to be performed for L1 handover modelling to avoid ping pong effect. This is similar to the L3 Handover case which uses a cell-level and a beam level metric. Additionally, spatial domain filtering across beams at the UE is also needed to smoothen the L1-RSRP. Such filtering needs to be accounted for before the L1-RSRP is reported back to the gNB. 
For L1-handover modelling the spatial averaging can be performed at the UE and the UE can trigger can a handover event i.e., an event driven handover mechanism can be considered. However, before pursuing normative work on this model, further details need to be clarified. For example, how L1 inter-cell mobility coexists with L3 handover framework if Option 2 or 3 leading to serving cell change is considered. The assumptions on how many neighbour cells the UE can monitor is also important. As we have observed from our SLS results, it can often be the case, especially under UE rotation that UE can receive a strong signal when beam alignment happens with a cell which geographically far from the UE. Therefore, measurements on such cells as well as spatial domain filtering across beams needs to be enabled for best performance. Furthermore, the measurement latency is determined by the number of cells UE has to monitor. In our simulations, we have assumed a somewhat ideal scenario where UE can monitor all the cells in the system with a measurement periodicity which is identical to that of the serving cell. Even with such an ideal assumption, we note the performance degradation that is observed. In case this latency is increased, the handover performance and ping-pong effect worsen. Finally, it is unclear even when the UE monitors and performs measurement on neighbour cell RSs, what would be the assumption on random access when the handover event is triggered. 
[bookmark: _Hlk54385426]Observation 1: L1 based handover modelling suffers from ping-pong effect especially when impairments such as UE rotation is considered. To this end, time and spatial domain filtering for L1-RSRP reporting and UE triggered serving cell change event might need to be considered. Additionally, the following needs to be addressed:
· How L1 based serving cell change co-exists with current L3 handover framework?
· How many neighbor cells can be monitored by the UE and its implication on L1-RSRP and RRM/RLM measurements?
· Assumptions on measurement periodicity from neighbor cells
· Assumptions on random access procedure or lack thereof when UE triggers a beam switch to a non-serving cell
Issue 3: Dynamic TCI State Update Indication
	Agreements from RAN1#104-e:
Agreement
On the beam application time for Rel.17 DCI-based beam indication, the beam application time can be configured by the gNB based on UE capability
· Support a UE capability for the minimum value of beam application time
· FFS: the exact minimum values of beam application time supported by UE 
· FFS: whether existing UE capability can be reused as this UE capability.
· FFS: whether different beam application time values are supported for uplink and downlink
· FFS: whether UE capability needs to be introduced for the maximum value of beam application time
· FFS: the reference for defining the UE capability (e.g. from DCI reception or ACK transmission)
· FFS: whether a UE is allowed to report more than 1 values in case of MPUE
FFS: the application time when DCI and applied channel(s) are on different CCs with same/different SCS(s)s

Agreement
On the Rel.17 DCI -based beam indication, in RAN1#104bis-e, down-select at least one of the following alternatives regarding the support of DCI format(s) for beam indication in addition to the agreed DCI formats 1_1/1_2 with DL assignment (in RAN1#103-e):
· Alt0: No additional DCI format is supported
· Alt1: DCI formats 1_1 and 1_2 without DL assignment, applicable for joint TCI as well as separate DL /UL TCI 
· Support DCI acknowledgment mechanism, e.g. based on SPS PDSCH release, based on triggered SRS , based on DCI indicating SCell dormancy
· FFS : How to identify DCI formats 1_1/1_2 used for beam indication only (not for scheduling a PDSCH reception, not indicating a SPS PDSCH release, or not indicating SCell dormancy), considering impacts on PDCCH coverage and scheduling mechanism 
· FFS : Whether the UE can/shall assume the gNB configured application time is after ACK transmission
· Alt2: Dedicated DCI format other than 1_1/1_2 without DL assignment, applicable for joint TCI as well as separate DL /UL TCI 
· Support DCI acknowledgment mechanism, e.g. based on SPS PDSCH release, based on triggered SRS , based on DCI indicating SCell dormancy
· FFS : If the format is based on an existing DCI format, how to identify the DCI format used for beam indication only
· FFS : Whether the UE can/shall assume the gNB configured application time is after ACK transmission
· Alt3: UL-related DCI formats 0_1/0_2 with UL grant, applicable only for UL-only TCI of separate DL /UL TCI 

Agreement
On Rel.17 DCI-based beam indication, regarding application time of the beam indication: if beam indication is successfully received and the newly indicated beam in the beam indication is different from the previously indicated beam, down-select (no later than RAN1#105-e) one from the following. No other alternatives will be considered:
· Alt1: the first slot that is at least X ms or Y symbols after the [first/last] symbol of the DCI with the joint or separate DL/UL beam indication
· Alt2A: the first slot that is at least X ms or Y symbols after the [first/last] symbol of the acknowledgment of the joint or separate DL/UL beam indication 
· Alt 2B: the first slot that is at least X ms or Y symbols after the [first/last] symbol of the acknowledgment of the joint or separate DL/UL beam indication, except that the (new) TCI state update can be applied to the PDSCH, if it exists, (scheduled by the beam indication DCI) and corresponding ACK transmission (provided that the time offset between the DCI and the scheduled PDSCH exceed the threshold, analogous to Rel.15/16) 
· Alt2C: Support both Alt1 and Alt2A, and introduce a UE capability that indicates the support of Alt1 or Alt2A
· Alt3: the first slot that is at least X1 ms or Y1 symbols after the [first/last] symbol of the DCI with beam indication and X2 ms or Y2 symbols after the [first/last] symbol of the acknowledgment of the beam indication
FFS: whether any existing timing defined for DCI based TCI/spatial relation update can be used for X/Y

Agreement from RAN1#014bis-e:

Agreement
For beam indication with Rel-17 unified TCI, support DCI format 1_1/1_2 without DL assignment:
· Use ACK/NACK mechanism analogous to that for SPS PDSCH release with both type-1 and type-2 HARQ-ACK codebook:
· Upon a successful reception of the beam indication DCI, the UE reports an ACK 
· Note that upon a failed reception of the beam indication DCI, a NACK can be reported.
· For type-1 HARQ-ACK codebook, a location for the ACK information in the HARQ-ACK codebook is determined based on a virtual PDSCH indicated by the TDRA field in the beam indication DCI, based on the time domain allocation list configured for PDSCH
· For type-2 HARQ-ACK codebook, a location for the ACK information in the HARQ-ACK codebook is determined according to the same rule for SPS release 
· The ACK is reported in a PUCCH k slots after the end of the PDCCH reception where k is indicated by the PDSCH-to-HARQ_feedback timing indicator field in the DCI format, or provided dl-DataToUL-ACK or dl-DataToUL-ACK-ForDCI-Format1-2-r16 if the PDSCH-to-HARQ_feedback timing indicator field is not present in the DCI
· When used for beam indication:
· CS-RNTI is used to scramble the CRC for the DCI 
· The values of the following DCI fields are set as follows:
· RV = all ‘1’s
· MCS = all ‘1’s
· NDI = 0
· Set to all ‘0’s for FDRA Type 0, or all ‘1’s for FDRA Type 1, or all ‘0’s for dynamicSwitch (same as in Table 10.2-4 of TS38.213) 
· FFS: Whether HPN is also used     
· Use the existing TCI field (always present) to signal the following: 1) Joint DL/UL TCI state, 2) DL-only TCI state (for separate DL/UL TCI), 3) UL-only TCI state (for separate DL/UL TCI) 
· FFS: Whether both DL TCI and UL TCI states can be signaled in one instance of beam indication DCI
· FFS: Relation with joint vs separate TCI (DL and/or UL) switching, including M/N>1 if supported
· In addition, use the following DCI fields as the fields are being used in Rel-16:
· Identifier for DCI formats
· Carrier indicator
· Bandwidth part indicator
· TDRA
· Downlink assignment index (if configured)
· TPC command for scheduled PUCCH
· PUCCH resource indicator 
· PDSCH-to-HARQ_feedback timing indicator (if present)   
· The remaining unused DCI fields and codepoints are reserved in R17
· Support UE to report whether or not to support TCI update by DCI format 1_1/1_2. 
· For a UE supporting TCI update by DCI format 1_1/1_2, it must support TCI update by using DCI 1_1/1_2 with DL assignment, and support of the above feature for TCI update by DCI format 1_1/1_2 without DL assignment is UE optional
· FFS: How to handle the case when there is only UL data
· FFS: The case for UE being indicated with separate UL TCI in DCI format 1_1/1_2 with DL assignment
· FFS: When more than one TCI codepoints are activated by MAC CE, the activated TCI state(s) for the lowest codepoint is/are applied 
· Support of this feature is UE optional
· The “lowest codepoint” function can be configured on or off.
· FFS: Interaction with the DCI based beam update if needed, whether/how to support the case with M or N > 1 if supported
· Note: This agreement on DCI beam indication design is not to be used to be against the support of the cases of M/N>1. The support of M/N>1 will be separately discussed and not dependent on the decision here.




DCI Formats for Dynamic Beam Indication
Re-using Current DCI Formats
DL DCI formats without DL Grant for joint DL/UL or Separate DL/UL Beam Indication
In the previous meeting DCI 1_1/1_2 without DL assignment was agreed to be supported for beam indication with its own HARQ-ACK feedback. Since this HARQ feedback is very important for common understanding between UE and gNB on current beam pair link as well for counting the beam application time, the PUCCH resource carrying this HARQ feedback should be mapped to the high priority HARQ/ACK codebook i.e., to the PUCCH resources associated with priority index 1 when the UE is configured with two priority indexes. In case the UE is configured with a single priority index, the UCI for the HARQ feedback for beam indication DCI should be prioritized over other UCI or multiplexed.
Proposal 16: For DCI formats 1_1 and 1_2 without DL assignment, the UCI carrying the HARQ feedback should be mapped to high priority HARQ codebook and PUCCH resources associated with priority index 1 when the UE is configured with two priority indexes. If UE is configured with single priority index, the UCI carrying the HARQ feedback for beam indication should be prioritized over other UCI. 
In the last meeting, the following FFS point was proposed and debated:
· FFS: When more than one TCI codepoints are activated by MAC CE, the activated TCI state(s) for the lowest codepoint is/are applied 
· Support of this feature is UE optional
· The “lowest codepoint” function can be configured on or off.
· FFS: Interaction with the DCI based beam update if needed, whether/how to support the case with M or N > 1 if supported
With respect to above, the current main bullet seems incomplete i.e., it seems to apply whenever MAC-CE configures more than one TCI codepoint. Needless to say the implication from this statement cannot be accepted as the true intention and n reality this applies only for the case when MAC-CE configures a set of TCI codepoints and the UE has not yet been indicated with a TCI state to apply i.e., before the UE receives a DCI based TCI activation. This should be clarified in the main bullet. Furthermore, this is only applicable before the UE receives the first beam indication or if the gNB reconfigures the TCI codepoints which does not include the current active TCI state. In this latter case, it is unclear why the UE should not keep the current active TCI state till it receives an indication to switch to one of the newly activated TCI codepoints. Therefore, even during reconfiguration, the applicability of this FFS may be limited. Therefore, further wording update and clarification of use-case is required for this FFS point. 
DCI Formats UL Beam Indication
For the case of UL only beam indication or for the case of joint TCI state update when there is only UL data, DCI format 0_1, 0_2 can be used with the SRI field being re-interpreted as the TCI indication field similar to the TCI field in DL DCI formats. Based on the UL DCI format the UE can apply the beam update to all UL channels and signals e.g., PUCCH, PUSCH and SRS. The SRI field mapping to UL power control parameters can be configured by MAC-CE. 
DL DCI formats 1_1, 1_2 can also be used to indicate UL TCI state (both with and without a DL grant). When the UL TCI state shares the same TCI state pool with DL and joint TCI states, the UE is able to differentiate the UL TCI state based on the indicated codepoint i.e., the UE is able to map the codepoints to types of TCI states based on MAC-CE configuration as discussed in Section 2.3.2. 
Proposal 17: For separate UL beam indication using UL TCI state
· When current DCI formats are re-used, the TCI state is applicable to all UL signals and channels
· UL DCI formats 0_1, 0_2 can be used with SRI field being reinterpreted as the TCI codepoint in DCI for the case when separate UL TCI is indicated or when there is only UL data to be scheduled.
· DL DCI formats 1_1,1_2 can be used with implicit indication of UL TCI using TCI in DCI field where UE maps the indicated codepoints to UL TCI states based on the MAC-CE activation of TCI states in DCI codepoints


Group-Common Beam Indication DCI
For the case of using DCI based indication for TCI state activation of a group of UEs, a design based on dependent DCI is not desirable since if the first DCI is missed, it may severely degrade system performance. Instead, a group-common PDCCH based approach leveraging the NR MBS framework can be further considered. The aforementioned beam indication RNTI can be used to address this set of UEs and the CRC of group-common PDCCH can be scrambled by this RNTI. 
Proposal 18: Consider NR MBS framework for group-common DCI transmission to a UE group for joint TCI state activation using a new beam indication RNTI for scrambling the CRC of the group-common DCI. 
Introduction of New DCI Format
In order to simplify signaling and to reduce the dependence on MAC-CE based TCI state activation, a new DCI format may be introduced to signal the necessary information for TCI state indication. Additionally, the bit field required to activate one of the RRC configured TCI states will need to much larger than the current 3 bits, possibly 6-8 bits depending on the number of configured TCI states. Additionally, a new DCI may also have the flexibility to indicate which channels and RSs are the target for the TCI state indication along with the serving cell ID, BWP ID and other specific information which are conveyed by MAC-CE or configured via spatial relation information for UL but currently absent in TCI state configuration. In such case, the DCI size needs to be provisioned for the worst-case payload. Furthermore, while DCI is easily envisioned for common beam indication, it should also support the case of separate beam indication for different channels and RSs. In such a case a careful design of the DCI format is required, and it might also have impact on current DCI size budget and might require size alignment with other non-scheduling DCI. Furthermore, DCI indication for CORESET beams needs special consideration. Additionally, HARQ might need to be supported and this may have further impact on the overall latency of the DCI based beam indication process.
Proposal 19: For DCI based indication, a new DCI format should be considered with the capability to dynamically indicate individually, the channels and RSs to which the TCI state is applicable. Additionally, both common and separate beam indication should be supported. 
Beam Application Time
For DCI based beam indication, the application time for the indicated beam was discussed in RAN1#103-e. The options to count the beam application are either from the reception of the PDCCH activating the TCI state or after the acknowledgement to the beam indication DCI is transmitted. In order for the acknowledgement mechanism to be effective and for the gNB and UE to maintain common understanding of the active TCI state, it is preferred that the beam indication time is calculated after the transmission of the acknowledgement for the DCI.
Additionally, it should be clarified how the acknowledgement transmission time is defined since the PUCCH carrying the acknowledgement may not transmitted in the configured resource if it’s subject to PUCCH multiplexing or dropping etc. In this case, it is preferred that the X ms or Y symbols is counted from the starting symbol of the actual PUCCH resource which carries the ACK feedback after applying the multiplexing rules. 
Proposal 20: For DCI based beam indication, the beam application time is the first slot that is at least X ms or Y symbols after the starting symbol of the PUCCH resource carrying the acknowledgment of the joint or separate DL/UL beam indication.
Issue 4: UE Panel Selection 
	Agreements from RAN1#104bis-e:
Agreement
On Rel.17 enhancements to facilitate UE-initiated panel activation and selection, for CSI/beam measurement/reporting, down select and/or modify from the following candidates:
· Opt1-1: A panel entity corresponds to a reported CSI-RS and/or SSB resource index in a beam reporting instance
· The correspondence between a panel entity and a reported CSI-RS and/or SSB resource index is informed to NW
· FFS: How to inform through CSI/beam reporting framework
· FFS: Detailed design of the correspondence including the conveyed information 
· Note: the correspondence between a CSI-RS and/or SSB resource index and a panel entity is determined by the UE (analogous to Rel-15/16)
· Opt1-2: A panel entity is referring to a new panel ID within CSI/beam reports
· FFS: Detailed design of the new panel ID including the information conveyed by the new panel ID
· Note: The association between the new panel ID and the panel entity is determined by the UE
· Opt1-3: No additional specification support
· The duration in which the above panel entity reference is valid and the respective setting are FFS
Note: “panel entity” is only used for discussion purpose

Agreement
On Rel.17 enhancements for MPUE, investigate and, if needed, specify the following:
· UE reporting of panel-specific information as a UE capability, for example:
· Information related to the total number of DL/UL panel entities
· Information related to the number of (max) antenna ports/layers per panel entity
· Information related to the maximum number of resources per panel entity for SRS BM
· Information related to panel selection delay
· Information related to panel activation delay 
· UE reporting information related to minimal activation/selection delay for a panel based on L1 or L2 signaling
· UE reporting of panel activation/selection status of a panel entity, e.g. active state for both DL and UL, or active state for DL only
· FFS: details of this information (e.g. minimal activation/selection delay for a panel) and signaling (e.g. L1 or L2 signaling)
· UE-reported information in MPE report (if supported) is used to indicate the minimal activation/selection delay and panel activation/selection status 
· Note: above ‘panel entity’ is a logical entity and how to map physical panels to the logical entities is up to UE implementation
· Note: This will depend on the final outcome of whether specification support for UE-initiated panel activation/selection is agreed 

Agreement
On Rel.17 enhancements for MPUE, for codebook based UL transmission, decide by August RAN1 meeting whether to support CB-based SRS resources with different numbers of ports
· FFS details (e.g. per resource or per resource set)
· Note: the above is not for Rel-16 full power transmission but for Rel-17 panel-specific UL transmission
· FFS: non-codebook based UL transmission for MPUE 
· FFS whether existing BWP switch based mechanism (discussed previously in Rel-16 power saving WI) can serve such purpose 



With regards to the second agreement from the last meeting, it is still not clear what the utility of such reporting is for gNB i.e., how the gNB can make use of this information meaningfully to aid in scheduling. In our view, the utility of such reporting and its use-case should be properly justified before listing various options. Pending such clarification, we do not see a use case for specifying such reporting. 
With regards to the final agreement, it is still not clear to us why a reasonable UE implementation would consider different panels with varying number of SRS ports. This would mean that some RF chains will not be utilized for some panels while others will make full use of them. Such implementation should be carefully justified before spending specification effort on this feature. Otherwise, it would be prudent to utilize the time to address more critical latency bottlenecks which have been discussed in Section 7 of this paper. 


Issue 5: MPE Mitigation Techniques 
	Agreements from RAN1#104-e:
Agreement
On Rel.17 enhancements to facilitate MPE mitigation, in RAN1#105-e, further discuss to down-select at least one or combine from the following options:
· Opt 1A. {Rel.16 P-MPR based (beam/panel-level)} + Virtual PHR or a modified version 
· The modified version may be associated with each activated UL TCI or, if applicable, joint TCI, or associated with each of the reported SSBRI(s)/CRI(s) and/or panel indication (if configured) from candidate pool, if reported.
· The reporting reuses the event-driven mechanisms from the Rel-16 P-MPR reporting
· FFS: how to determine the virtual PHR or the modified version.
· Opt 1D. {Rel.16 P-MPR based (beam/panel-level)}
· The reporting reuses the event-driven mechanisms from the Rel-16 P-MPR reporting
· Opt 2A. {SSBRI(s)/CRI(s) and/or panel indication} + L1-RSRP [L1-SINR] or a modified version that accounts for MPE effect associated with each of the reported SSBRI(s)/CRI(s) and/or panel indication (if configured)
· FFS: How panel-level L1-RSRP [L1-SINR] is reported if L1-RSRP [L1-SINR] is associated with panel
· FFS: Whether/how to account for MPE effect in L1-RSRP [L1-SINR] report, e.g. by using scaled L1-RSRP [L1-SINR]
· FFS: Whether/how to enhance existing beam reporting format to support Option 2A
· FFS: When multiple SSBRIs/CRIs and their corresponding metrics are reported in the same reporting instance, whether to allow mixture between the SSBRI(s)/CRI(s)) intended for MPE mitigation and for DL beam reporting 
· FFS: Whether the reporting is UE-initiated (event-driven) and/or NW-initiated
· FFS: If Opt2A is selected and there is no consensus on a modified L1-RSRP definition, at least the Rel-15 L1-RSRP definition is reused and virtual PHR may be added
FFS: If gNB acknowledges MPE report from UE for UE-initiated (event-driven) reporting 
FFS: If differential report is supported when multiple UL beams are reported in the same report




SLS Evaluations
We provide SLS results based on the evaluation assumptions in [2] to illustrate the need for MPE mitigation and the extent of specification support required based on the observed gains from the results. In the following figures, we provide evaluation for Dense Urban and Indoor Hotspot. Two panel blockage models are considered i.e., best panel blockage (which provides optimistic gains for MPE assuming ideal scenario) and random panel blockage (which is a more realistic scenario where a panel is randomly chosen for blockage). It is also assumed that the UE all transmit with full power over a sub-band size of 4PRBs.
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Figure 4: MPE Mitigation under serving panel blocking model for Dense Urban Macro and Indoor Hotspot
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Figure 5: MPE Mitigation under random panel blocking models for Dense Urban Macro and Indoor Hotspot
To illustrate the gains and tradeoffs for MPE, we carefully choose a realistic baseline scheme for UL panel selection without MPE mitigation. In this baseline scheme, it is assumed that the panel which may suffer losses due to MPE mitigation is also subject to blockage in the DL. To this end, the baseline scheme assumes that when a downlink panel suffers a blockage loss of 3dB, the UE selects an alternate panel and this panel is also used for UL. If the alternately selected panel after downlink loss is identical to UL serving panel or the randomly blocked UL panel (in each blockage model respectively), the corresponding UL panel is assumed to suffer an additional 10dB power back-off i.e., a total of 13dB loss. The resulting RSRP CDF is shown by the red curve in all figures. 
Additionally, the last CDF (green) corresponds to the case when the serving/randomly blocked panel suffers a 13dB loss and there is no MPE mitigation resulting in a worst case RSRP. Conversely, the first curve (dashed black) is the RSRP from the best UE panel under the assumption that no MPE blockage occurs. The first set of results models the case when the best UE panel suffers blockage. It is seen that when MPE mitigation is allowed i.e., the UE can choose a potentially different panel, the RSRP performance shows significant improvement for Dense Urban and Indoor Hotspot. However, interestingly, when the UE is allowed to operate in a multi-TRP mode i.e., it can not only select the best alternate panel after MPE blockage event but can also select an alternate TRP, there is a major improvement in RSRP CDF especially for cell-edge UEs. Considering the fact that cell-edge UEs are the ones which tend to transmit with high PSD and are the most susceptible to suffer losses due to MPE, such gain is quite significant. 
For the case of the random blockage model from [2] where a random panel is blocked and not necessarily the serving panel, results show that when DL suffers a loss in the panel which is subject to MPE regulation in the UL, the UE often selects an alternate panel and when this same panel is used in the UL most of the MPE related losses can be recovered. However, even in this case, when additional MPE mitigation is allowed, gains can be achieved for cell-edge UEs. Allowing multi-TRP based panel selection leads to significant improvement in cell-edge performance. 
Observation 2: The following observations are made from the SLS results for MPE:
· Gains due to MPE mitigation techniques can be achieved especially for cell-edge users and when mutli-TRP operation is enabled for multi-panel UEs which suffer panel blockage due to MPE. 
· While some gains can be recovered assuming downlink-based UL panel selection, simulation results justify the specification of MPE mitigation techniques for Rel-17 NR. 
· Given the nature of gains which are relatively small, specification impact should be minimized, and simpler solutions adopted to support UE assisted recovery for MPE

MPE Mitigation Related Enhancements
In RAN4#92bis the following agreement was reached in RAN4 regarding possible solutions [7].
	· Rapid indication methods
· P-MPR
· Before P-MPR is taken
· While P-MPR is applied
· Can be one bit or include more information
· Alert/Emergency signal to indicated back off is about to happen
· Is this alert only or does it contain more information?
· Assistance information methods
· Energy headroom
· How much energy UE has for transmissions until specific time
· Power headroom
· PHR reporting is in place already
· Exposure headroom
· Dynamic or Multiple maxUplinkdutycycle



Additionally, in RAN4#96e, for Rel-16, RAN4 agreed to introduce P-MPR reporting via MAC CE [3]. P-MPR reporting will be introduced, most likely reusing current PHR MAC CE (an approved LS was sent to RAN2 [4]): 
· There will be 2-bits for P-MPR granularity, and value options are:
· 3 ≤ P-MPR < 6
· 6 ≤ P-MPR < 9
· 9 ≤ P-MPR < 12
· P-MPR ≥  12
· There will be a prohibit timer, with the value options listed below (which are the same as the PHR prohibit timer) {sf0, sf10, sf20, sf50, sf100, sf200, sf500, sf1000}
· P-MPR reporting is an optional UE capability, applicable to all FR2 power classes
· Triggering conditions: A configurable absolute P-MPR threshold will trigger the report; the values:
· Absolute P-MPR threshold à {3dB, 6dB, 9dB, 12dB}

Although the above approaches are capable to indicate the MPE problem existing in the UL transmission, they don’t support recovery procedures helping to avoid radio link failure and connection releases. It is, therefore, necessary to amend the above approaches with reporting of additional information related to recovery of the UL link. Rel-15 beam reporting framework for FR2 is MPE-unaware – the optimal beam report doesn’t differentiate DL and UL transmission links and there is no mechanism (except explicit SRS transmission) to indicate UL beam, which doesn’t have significant Tx power constraint at the UE side due to the FR2 UE RF exposure compliance reasons. 

As a result, even when MPE limited situation is reported from the UE to gNB using RAN4 solutions [3][14], the gNB may not be able to improve UL transmission performance because the solutions do not contain the recovery information. RAN4 solution however can be improved if the recovery information is included in the MAC-CE based P-MPR report facilitating selection of less MPE-limited (with small P-MPR) beams for UL transmission at gNB (see Figure 6).
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[bookmark: _Ref61876868]Figure 6: Illustration of the need of beam selection enhancement to avoid MPE issue

In particular if large P-MPR, alert/emergency signal or duty cyclic constraint is transmitted by the UE for the active UL beam, UE may also report the alterative communication beam (e.g., with lower P-MPR or less duty cycle constraints) for UL transmission, similar to BFR recovery response specified in Rel-15/Rel-16 NR to cope with blockage issue. The framework of BFR can be largely reused to support UL beam recovery due to MPE. This method is also justified by the SLS evaluations in the previous section, where the choice of alternate panel/beam combination yields gains. However, since the nature of significant gains are shown to be limited to an extent to cell-edge users, a more complex solution which includes additional reporting is not required. Addition of recovery information is enough to achieve the gains related to MPE mitigation. 

Proposal 21: For MPE mitigation for Rel-17, 
· RAN4 solution for MAC-CE based P-MPR reporting is augmented with MPE recovery information indicating alterative UL beam with lower P-MPR or duty cycle constraints, where UE panel indication can be implicit. 
· No additional reporting is needed since the gains compared to DL based UL panel selection are not very large.

Issue 6: Latency Reduction for NR Beam Management Framework
	Agreements from RAN1#104-e:
Agreement
On Rel.17 enhancements based on the unified TCI framework, perform study and, if needed, specify the following:
· Group1: Beam management with reduced DL signaling to reduce latency
· Group2: Reducing activation delay of TCI states and PL-RSs (including other WGs, e.g. RAN4)
· On RAN4-related matters, assessment/study phase can be done in RAN1. If RAN4-based enhancements are found necessary, a LS to RAN4 will be sent (to prepare RAN4 work)
Note: Given its dependence on the maturity compared to other issues (1 to 5), when to start the work and how much work is done on issue 6 should depend on the progress on the other issues.
Note: Aim for at most one solution for each of the group in Rel-17 to address issue 6



Identifying Performance Bottlenecks from SLS Evaluations
In order to efficiently support low latency beam management with reduce overhear in Rel-17 NR, especially with a large number of configured TCI states, the first goal should be to identify the major performance bottlenecks in the current beam management framework. To this end, two major latency issues exist with current beam management framework namely (i) TCI state indication and application latency and beam acquisition, refinement and tracking latency. 
The TCI state indication and application latency is limited by the current MAC-CE based TCI state indication framework. In RAN1, signaling latency due to MAC-CE is defined as 3ms. However, in RAN4, the defined delay for TCI state switching is more conservatively defined [1] based on a concept of known and unknown TCI states. If the target TCI state is known, the delay is defined as


	
and if the TCI state is unknown it is defined as




where is the time to first SSB transmission after the MAC-CE is decoded by the UE and = 2ms and the additional processing times are required if the TCI state being activated is not in the active TCI state list. It is clear that TCI state application latency in the first case when TCI states are known is limited by the MAC-CE decoding latency. For the case of unknown TCI state additional time is required for L1-RSRP measurement and reporting which is in the realm of beam acquisition since the beams are not tracked. Therefore, the latency in this case can potentially be much higher than the 3ms defined in RAN1. 
In this paper, we first provide SLS simulation results to investigate whether the major performance bottleneck stems from MAC-CE based TCI state application latency or beam acquisition latency due to SSB periodicity and measurements across multiple SSB periods. For this analysis we provide results based on the intra-cell mobility assumptions agreed in [2]. For initial analysis it is enough to use fast fading RSRP as the metric and therefore we simulated a single UE moving across the cell with the trajectory in Figure 1.
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Figure 7: UE Trajectory for Intra Cell Mobility
For the UE shown in Figure 1, geographic association is assumed with cell 1. The detailed antenna configuration is provided in the Appendix. The gNB has an 8x4 sub-array and 32 DFT beams with 2x horizontal oversampling producing a total of 64 narrow beams corresponding to CSI-RS beams. We also assume that the gNB has a smaller 4x2 sub-array for forming wider DFT analog beams with 2x horizontal and 2x vertical oversampling corresponding to 32 SSB beams. Similarly, the UE has a 4x1 subarray on each panel and 8 narrow DFT beams with 2x horizontal oversampling corresponding to CSI-RS beams. Additionally, the UE is also capable of forming wider receive beams with a 2x1 subarray with 4 wide beams with 2x horizontal oversampling. 
In our evaluations, we model impairments in the form of beam application latency and measurement/reporting latency. The application latency ensures the identified best beams are used only after the configured latency, while the measurement/reporting latency modelling makes beam reports available only after the configured latency. 
Impact of Beam Application Latency
First, we look at the impact of beam application latency when ideal and exhaustive narrow beam scanning is assumed. In this case, we assumed a measurement latency of 40ms and application latencies of 1ms and 3ms corresponding to TCI state indication faster than MAC-CE indication and the latency associated with MAC-CE indication of known TCI states respectively. The RSRP traces shown in Figure 2 are almost identical.
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Figure 8: RSRP Trace of UE with and without rotation along  axis. It can be seen that RSRP is almost identical for application latency 1ms vs 3ms even with UE rotation.
The fact that application latency has minimal impact on the RSRP can be also seen from the comparison of median RSRPs across the trajectory in Figure 3. 
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Figure 9: Median RSRP for application latencies of 1ms and 3ms with and without UE rotation
From the above figures, it is seen that application latency of 3ms from MAC-CE vs sub-3ms case which would correspond to DCI based TCI state indication (possibly with HARQ) is not the performance bottleneck for beam management. 
[bookmark: _Hlk54385320]Observation 3: TCI state application latency has negligible impact to performance for known TCI states compared to DCI based TCI indication latency.

Impact of Measurement Periodicity
Next, for a fixed application latency of 3ms, we compare the performance for different measurement periodicities. The fast fading RSRP trace with and without UE rotation is shown in Figure 4. In this evaluation we consider a measurement periodicity of 20ms as the ideal case and upper bound to the RSRP performance.
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Figure 10: Fast Fading RSRP trace for different measurement periodicities. It is seen that measurement periodicity of 160ms significantly degrades performance even without UE rotation.
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Figure 11: (L) Difference in median RSRP across the trajectory with the ideal case of 20ms periodicity. (R) The percentage of TTIs along the trajectory of the UE where 20ms periodicity has higher RSRP than the respective measurement periodicities.
From the above figures, we can clearly see that even a measurement periodicity of 80ms yields significant RSRP difference with the ideal case of 20ms measurement periodicity, while a 160ms periodicity leads to major performance degradation even without UE rotation
Observation 4: Beam acquisition latency due to measurement periodicity is a major performance bottleneck in current beam management.
Performance of Hierarchical Beam Management
Next, we investigate the performance of hierarchical beam management schemes wherein the UE can perform initial beam acquisition through wide beam scanning and then refine the beams using narrow beam scanning in the direction of the acquired wide beams. In our evaluation, we model a mapping between narrow and wide beams based on circular cross correlation of the DFT analog beamforming vectors. For this evaluation, we assume that based on the results of the wide beam scan the gNB and UE can perform narrow Tx and Rx beam refinement on the narrow beams corresponding to best 8 wide beams. Compared to an exhaustive search of 64 Tx beams and 8 Rx beams across 3 UE panels, the hierarchical beam management scheme provides significant complexity and latency reduction. Note that for the hierarchical scheme simulated here, the UE performs panel selection based on the wide beam scanning. 
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Figure 12: RSRP trace for hierarchical beam management with wide and narrow beam scanning. The exhaustive search scheme performs narrow beam scanning only.
From Figure 6, we can see that hierarchical beam management has almost identical performance as the exhaustive narrow beam search scheme with respect to narrow beam RSRP even with UE rotation. Since hierarchical beam management brings significant latency and complexity reduction due to smaller number of beam measurements, it motivates us to propose further enhancements to the hierarchical beam management schemes to enable faster beam tracking and refinement. 
Observation 5: Hierarchical beam management performs almost identical to exhaustive beam search thereby offering significant complexity and latency reduction.
Based on the simulation results in this section, we next propose latency reduction mechanisms for beam acquisition and beam refinement and tracking.  
Beam Acquisition Latency Reduction
From the simulation results in the previous section, it was seen that measurement periodicity is a major performance bottleneck in current beam management. In order to reduce the beam search latency particularly when a large number of TCI states are configured, some signaling enhancements can be additionally considered, wherein QCL relation between different SSB beams as well as QCL indication between SSB and CSI-RS resource sets can be enhanced.
As an example, for SSB based wide Tx beam acquisition, the UE can be signaled with beam relations between different SSB beams such that the Rx beam refinement can be handled without exhaustive beam search. 
[image: ]
[bookmark: _Ref47699924]Figure 13: Beam acquisition enhancements
In Figure 4, the first 4 SSB can correspond to the red highlighted beams which roughly covers the overall coverage area of the gNB. Then the UE can further measure only those related TCI indexes and not scan the entire set of SSB. Such flexible indication can be beneficial especially when very large number of SSB beams need to be used. Additionally, QCL relation between SSB indices and the narrower CSI-RS beams within a CSI-RS resource set can also help the UE scan only a sub-set of CSI-RS beams for finer beam acquisition. Such QCL information between SSB and CSI-RS resource sets can be configured via MAC-CE. This can also potentially reduce the Tx beam acquisition latency. 
If the UE is signaled QCL information between different SSB beams, the UE can potentially also utilize this information to perform Rx beam refinement across different SSBs which share neighboring beams. This could mean that the UE does not have to wait an entire SSB periodicity to complete Rx beam refinement and it can lead to significant latency reduction.
Proposal 22: To reduce beam acquisition latency QCL relations between different SSB beams can be indicated to the UE 
Proposal 23: QCL relation between SSB and CSI-RS resource sets can be configured via MAC-CE signaling to further speed up narrow beam acquisition latency.
Beam Refinement and Tracking Latency Reduction
In this section, we propose further enhancements for latency reduction for the hierarchical beam management framework which is based on wide SSB beam scanning and related refinement on narrower CSI-RS beams. The beam indication mechanism currently supports a combination of semi-static RRC signaling in conjunction with MAC-CE indication and finally further down selection via DCI. While the framework is flexible and the gNB is able to fully control the beam indication and configuration at the UE for both DL and UL, there is also a cost paid in terms of latency especially when TCI states need to switched multiple times. The overall signaling overhead and latency due to MAC-CE based activation is shown in Figure 1.
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Figure 14: Static TX beam mapping for beam indication with MAC-CE based TCI update
From the figure it is evident the static beam mapping to resources requires TCI state update based on MAC-CE activation for change in TX beam or spatial relation information (or new UL TCI) update for uplink beam changes. It is possible to further refine the beam indication mechanism to reduce the latency of multiple TCI state switches and to minimize MAC-CE based TCI state updates as much as possible. To this end, we propose the following dynamic beam indication and tracking mechanisms wherein the process of beam refinement at gNB and UE can be combined with the help of flexible beam mapping.
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Figure 15: CSI-RS and SRS based beam tracking
In the first method P3 and U3 procedures are used for beam tracking and updates, based assumptions of beam correspondence. In this case, the gNB initiates P3 based on CSI-RS with repetition. The UE uses this to update UE Rx (Tx) beam and then transmits SRS for U3 where the gNB updates Rx (Tx) beams. Based on this procedure, the gNB updates the CSI-RS Tx beam and the UE updates the Rx beam for TCI state and Tx beam spatial relation update. No additional signalling is needed to indicate the updated beam.
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Figure 16: CSI-RS and CRI based beam tracking
In the second proposed method, P3 and P3 procedures are used. The gNB initiates CSI-RS based P2 procedure and the UE reports CRI after gNB Tx (Rx) beam acquisition. Based on this CRI, the gNB initiates P3 procedure using CSI-RS with repetition for the UE to update the Rx (Tx) beam. The UE is not expected to signal the choice of selected beam to gNB. These procedures make use of flexible beam mapping to the same TCI states and therefore reduce indication and tracking latency by foregoing the need for MAC-CE update of TCI states. 
The SRS based scheme requires 1 DL-UL switch and the CRI based scheme requires 1 DL-UL and 1 UL-DL switch and avoids MAC-CE signaling. Scheduling offset for AP CSI-RS is required for P3 procedure in both the schemes. For the SRS based scheme, SRS-spatialrelationInfo is configured and PUSCH/PUCCH/SRS follows spatial filter of the SRS resource of configured spatial relation information. For the CRI based scheme, PUCCH/SRS-spatialRelationInfo is not configured. PUCCH/PUSCH/SRS follows the QCL-D of the TCI state of configured CORESET with lowest index.
For flexible beam tracking MAC-CE based update of TCI states can be performed. The update is based on hierarchical beam management where the UE measures L1-RSRP on SS/PBCH block and reports a SSB-RI. The gNB can update the active TCI state list of CSI-RS resource with the target SS/PBCH blocks. This can help the UE to keep track of the CSI-RS QCL Type D with respect to the SS/PBCH blocks without actually changing the TCI state. 
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Figure 17: TCI State update for CSI-RS for flexible beam mapping

[bookmark: _Hlk47731982]Proposal 24: SRS/CRI based flexible beam mapping can be used to reduce beam refinement and tracking latency. 
Conclusion
In this paper, beam management enhancement for Rel-17 feMIMO has been discussed. The main proposals from this paper are outlined here:
Proposals:
1. Joint DL/UL and separate UL TCI configuration should include the pathloss reference RS ID and UL power control parameters (P0, alpha, closed loop index) for PUCCH as a mandatory configuration.
2. SRS and PUSCH pathloss reference RS ID can be optionally included in the TCI state configuration or updated by MAC-CE
3. Rel-17 Unified TCI framework should be considered as a replacement for the Rel-15/16 UL spatial relation information framework and co-existence should not be considered with fragmented functionality.
4. SSB is not required to be supported as an additional DL QCL source RS for the unified TCI framework.
5. SRS for BM is not is not required to be supported as an additional DL QCL source RS for the unified TCI framework.
6. DL or joint DL/UL TCI also applies to CSI-RS resources for CSI, CSI-RS resources for BM and CSI-RS for tracking
7. Separate UL TCI states and joint DL/UL TCI states will share the same TCI state pool as DL TCI states
8. A UE can be dynamically indicated with either joint DL/UL TCI or separate DL/UL TCI
9. TCI state usage can be configured via MAC-CE where the type of TCI state configured to each codepoint is separately configured. The UE when indicated with a TCI codepoint associates the codepoint with joint DL/UL or separate DL or UL TCI state based on the MAC-CE configuration for the indicated codepoint.
10. A shared or common RRC TCI state pool is supported for a set of configured CCs. The QCL Type A RS reference is implicitly determined based on the target CC of the TCI state.
11. Separate QCL-TypeD RS can be determined from the common TCI state ID(s) for each of the CCs. The determined QCL-TypeD RSs for the set of CCs are further associated with a same QCL-TypeD RS. 
12. For DCI based TCI state indication associated with a non-serving cell for L1/L2 centric inter cell mobility, TA should be adjusted for UL transmission where the TAG could be associated with a PCID or a group of TCI states corresponding to a PCID
13. For L1/L2 based inter-cell mobility change of serving cell is not allowed. UE can be indicated with TCI state of non-serving cell without changing serving cell ID
14. The value of K non-serving beams which can be reported is based on UE capability
15. L1-RSRP is used as the beam reporting metric and the reporting is done via existing L1-RSRP report
16. For DCI formats 1_1 and 1_2 without DL assignment, the UCI carrying the HARQ feedback should be mapped to high priority HARQ codebook and PUCCH resources associated with priority index 1 when the UE is configured with two priority indexes. If UE is configured with single priority index, the UCI carrying the HARQ feedback for beam indication should be prioritized over other UCI. 
17. For separate UL beam indication using UL TCI state
· When current DCI formats are re-used, the TCI state is applicable to all UL signals and channels
· UL DCI formats 0_1, 0_2 can be used with SRI field being reinterpreted as the TCI codepoint in DCI for the case when separate UL TCI is indicated or when there is only UL data to be scheduled.
· DL DCI formats 1_1,1_2 can be used with implicit indication of UL TCI using TCI in DCI field where UE maps the indicated codepoints to UL TCI states based on the MAC-CE activation of TCI states in DCI codepoints
18. Consider NR MBS framework for group-common DCI transmission to a UE group for joint TCI state activation using a new beam indication RNTI for scrambling the CRC of the group-common DCI
19. For DCI based indication, a new DCI format should be considered with the capability to dynamically indicate individually, the channels and RSs to which the TCI state is applicable. Additionally, both common and separate beam indication should be supported. 
20. For DCI based beam indication, the beam application time is the first slot that is at least X ms or Y symbols after the starting symbol of the PUCCH resource carrying the acknowledgment of the joint or separate DL/UL beam indication.
21. For MPE mitigation for Rel-17, 
· RAN4 solution for MAC-CE based P-MPR reporting is augmented with MPE recovery information indicating alterative UL beam with lower P-MPR or duty cycle constraints, where UE panel indication can be implicit. 
· No additional reporting is needed since the gains compared to DL based UL panel selection are not very large.
22. To reduce beam acquisition latency QCL relations between different SSB beams can be indicated to the UE 
23. QCL relation between SSB and CSI-RS resource sets can be configured via MAC-CE signaling to further speed up narrow beam acquisition latency
24. SRS/CRI based flexible beam mapping can be used to reduce beam refinement and tracking latency
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Appendix: SLS Evaluation Assumptions
The general evaluation assumptions agreed in [2] are used. The following are a few specific details considered in our evaluations.
	Simulation Parameters
	Dense Urban Macro, Indoor Hotspot

	Carrier Frequency
	30GHz

	Simulation BW
	50MHz

	Sub-carrier Spacing and Slot Length
	120 kHz SCS, 14 OFDM Symbol slot

	Channel Model
	5G-UMA (LOS), InH

	Inter-Site Distance
	UMA = 200m, InH = 20m

	BS Antenna Configuration
	
Narrow Beam - (M, N, P, Mg, Ng) = (4,8,2,1,1), 64 DFT Beams (2x oversampling in horizontal domain)

Wide Beam - (M, N, P, Mg, Ng) = (2,4,2,1,1), 32 DFT Beams (2x oversampling in horizontal and vertical domains)



	UE Antenna Configuration
	
Narrow Beam - (M, N, P, Mg, Ng) = (1,4,2,1,3): 2 Panels (0)  
8 DFT Beams per panel (2x horizontal oversampling)

Wide Beam - (M, N, P, Mg, Ng) = (1,2,2,1,3): 2 Panels (0)  
4 DFT Beams per panel (2x horizontal oversampling)

UE front panel points towards the direction of motion


	BS Height
	UMA - 20m, InH – 3m Ceiling Mounted

	UE Deployment
	1 outdoor UE @ 120 kmph

	Latency Impairment Modeling
	UE Beam Acquisition Latency = (20,40,80,160) ms
UE Beam Application Latency = (1,3) ms

	UE Rotation
	X RPM Rotation along the -axis of the LCS with X = 0,1

	UE Trajectory Sampling
	Linear Trajectory Sampled every 160 slots

	Spatial Consistency Modelling
	Decorrelation distance-based Autocorrelation for LSP
Spatial Consistency Model B from TR38.901 for SSP 
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