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Introduction
In RAN1#102-e, six issues have been identified for multi-path enhancements [4]:
· Issue1: Unified TCI Framework and state.
· Issue 2: L1/L2-centeric inter-cell mobility.
· Issue 3: Dynamic TCI sate update signaling.
· Issue 4: MP-UE assumption to facilitate fast UL panel selection.
· Issue 5: MPE Mitigation.
· Issue 6: Advanced beam management for beam acquisition. 
The EVM for the evaluation of multi-beam enhancements have also been agreed in [3]. 
In this contribution, we present Samsung’s views on the 6 issues related to multi-beam enhancements along with some highlights of the multi-beam evaluations. The detailed evaluation results are included in our companion Tdoc [6]. 
[bookmark: _Ref54011617]Issue 1: Unified TCI Framework and State
Common TCI State Definition
In RAN1#102-e, the following agreement was made:

a) In RAN1#103-e, investigate, for the purpose of down selection, the following alternatives for accommodating the case of separate beam indication for UL and DL
· Alt1. Utilize the joint TCI to include references for both DL and UL beams
· Alt2. Utilize two separate TCI states, one for DL and one for UL. The TCI state for the DL is the same as agreed in 1a. The TCI state for the UL can be newly introduced.
· Alt 2-1: The UL TCI state is taken from the same pool of TCI states as the DL TCI state
· Alt 2-2: The UL TCI state is taken from another pool of TCI states than the DL TCI state
· Note: The resulting beam indication directly refers to the associated source RS(s)
· FFS (RAN1#103-e): Details on extension to intra- and inter-band CA
· Note: This may be related to issue 5 as well as other reasons for different TCIs such as network flexibility/scheduling


 There are two cases to consider for UL/DL beam indication:
· Case 1: Since beam correspondence is default, a common beam indication reference signal can be used for downlink and uplink transmissions. In this case, one reference signal can be used as a source reference signal for QCL-TypeD or spatial relation information for downlink and uplink transmissions. The TCI state can indicate a same source reference signal for DL and UL transmissions.
· Case 2: For a special case of MPE where an UL beam is chosen not to correspond to the DL beam, separate beam indication reference signals can be used for downlink and uplink transmissions. In this case, the two alternatives of the above quoted agreement apply:
· Alt1: A joint TCI state includes separate source RSs for downlink and uplink beam indication.
· Alt2: Separate TCI states are used for DL and UL beam indication, wherein a TCI state includes a single source reference signal for beam indication (e.g. of QCL TypeD).

For case 2, Alt.1 is preferred since it is more consistent with the spirit of unified TCI framework. In this case, some of the TCI states in the TCI state definition will include non-corresponding DL QCL and UL spatial reference information. It is also expected that for a given DL QCL state, the number of relevant UL spatial references will be limited. For instance, to address MPE mitigation, UL panel switching is perhaps more likely than UL beam switching (deviating from beam correspondence).  

Proposal 1: For the purpose of separate DL and UL beam indications, Alt1 is supported wherein some of the TCI states in the TCI state definition will include non-corresponding DL QCL and UL spatial reference information.


Number of Indicated TCI States
In RAN1#102-e, the following agreement was made:

a) Support joint TCI for DL and UL based on and analogous to Rel.15/16 DL TCI framework
· The term “TCI” at least comprises a TCI state that includes at least one source RS to provide a reference (UE assumption) for determining QCL and/or spatial filter 
· The source reference signal(s) in M TCIs provide common QCL information at least for UE-dedicated reception on PDSCH and all or subset of CORESETs in a CC
· FFS: Optionally this common QCL information can also apply to CSI-RS resource for CSI, CSI-RS resource for BM, and CSI-RS for tracking
· FFS: Applicability on PDSCH includes PDSCH default beam
· Working Assumption: Select between M=1 and M>=1
· The source reference signal(s) in N TCIs provide a reference for determining common UL TX spatial filter(s) at least for dynamic-grant/configured-grant based PUSCH, all or subset of dedicated PUCCH resources in a CC, 
· Optionally, this UL TX spatial filter can also apply to all SRS resources in resource set(s) configured for antenna switching/codebook-based/non-codebook-based UL transmissions
· FFS:  applicability of this UL TX spatial filter to SRS configured for beam management (BM)
· FFS: PUSCH port determination based on the TCI, e.g., to be mapped with SRS ports analogous to Rel.15/16
· Working Assumption: Select between N=1 and N>=1


One open point discussed in the last meeting as highlighted in the quoted agreement is whether a TCI state includes one or more source RS to provide a reference to a UE for determining QCL or spatial filter. At least for single TRP scenarios with common beam operation, there is no reason not to have only single source RS of DL QCL typeD per TCI state that is used as a reference DL reception and, in general (except for MPE event), for UL transmissions. 

Proposal 2: At least for a single TRP, a TCI state includes one source RS of DL QCL Type D.
· Note: Per Rel.15/16, an additional DL source RS can be used for another QCL type.


TCI State for Carrier Aggregation
One open point in RAN1#102-e is: “FFS (RAN1#103-e): Details on extension to intra- and inter-band CA”, for the intra-band CA case, a common TCI state across all carriers seems to be a reasonable design. For the inter-band CA case, while a common TCI state seems to a good starting point, further enhancements can be considered: 
· When the separation (in the frequency domain) between a subset of CCs is small, the common beam indication framework can be extended to the subset of CCs, i.e., a single (common) beam update is used for all CCs in the subset of CCs. Such common beam indication can reduce signaling overhead. 
· This can also be extended for cross-carrier scenarios, i.e., the common beam for a CC or a subset of CCs (X) can be indicated via PDCCH (with DCI) from another CC that may or may not be included in X. Two examples are shown in Figure 1. Another pertinent scenario is cross-carrier scheduling (cf. Figure 2), when DL-DCI(2) scheduling PDSCH(2) for CC2 is transmitted via PDCCH on CC1 and PDSCH(2) on CC2. 
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[bookmark: _Ref47528272]Figure 1: cross carrier beam indication
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[bookmark: _Ref47528746]Figure 2: beams for cross-carrier scheduling

Proposal 3: For intra-band and inter-band carrier aggregation in a single TRP, a common TCI state can be used across all or a subset of carriers.
· Further study the need for separate TCI states in different bands for carrier aggregation.

Reference Signals in TCI State
In release 15 and 16, the source reference signal for QCL Type-D (for DL TX) and spatial relation (for UL TX) can be SSB or CSI-RS for beam management. Furthermore, the SRS can be source reference signal for spatial relation for UL TX. In release 15 and 16, SRS can’t be a source reference signal for downlink spatial filter. In RAN1#102-e, the following open issue was identified:

d) In RAN1#103-e, decide if SRS for BM can be configured as a source RS to represent a DL RX spatial filter in the unified TCI framework

It would seem plausible that the SRS can serve a source reference signal for DL spatial filter of DL transmissions just as the SSB/CSI-RS serve as a UL spatial filter for UL transmissions.
 
Proposal 4: Support SRS for beam management as a source RS for DL spatial filter.

Issue 2: Inter-cell mobility enhancements
Per the agreement on issue 2 in RAN1#102-e, one pressing matter is to identify the use cases (applicable scenarios) for L1/L2-centric inter-cell mobility. For this issue, the following consideration should be taken into account:
· Considering the limited number of TUs allocated for RAN2, the impact on RAN2 work will need to be limited. In this case, any enhancement on RRC reconfiguration may be infeasible unless a RAN-level decision to allow more TUs in RAN2 is granted. Since enhancement on RRC reconfiguration would most likely net some significant benefit for L1/L2-centric inter-cell mobility, this should be considered at least for future release(s) (e.g. Rel.18)
· Given the above, the scope for Rel.17 seems to be limited to enabling basic PHY layer features for facilitating L1/L2-based inter-cell mobility. This entails enabling measurement and reporting for non-serving cells. 
· As to use cases or applicable scenarios, the following use cases seem to be a good starting point for Rel.17 (with potential extension in future releases):
· Intra-frequency “handover” (inter-cell mobility)
· NSA architecture with a common LTE anchor carrier, as well as SA architecture  
· Small number of non-serving cells (exact number TBD) 
· The target cell and the source cell are in the same DU, to avoid a higher layer context transfer from one DU to the next.

Proposal 5: On the scope of L1/L2-centric inter-cell mobility for Rel.17, focus on the following:
· Intra-frequency “handover” (inter-cell mobility).
· NSA architecture with a common LTE anchor carrier, as well as SA architecture.  
· Small number of non-serving cells (exact number TBD). 
· Target cell and source cell are in the same DU.
· Note: Given the current TU allocation in RAN2, enhancement on RRC reconfiguration doesn’t seem feasible.

The L1/L2-centric inter-cell mobility can be facilitated by allowing a UE to (i) measure RSs from both serving and neighboring cells for beam measurement, (ii) report the beam report including a beam metric (e.g., L1-RSRP) and a resource indicator including a RS-ID and a cell-ID, and (iii) receive the beam indication which can indicate a beam from non-serving cell(s) (in addition to the beam from the serving cell) by including information associated with the measured RSs (including SSB and CSI-RS of the non-serving cell(s) and physical cell ID in the TCI state definition. 
In addition, to ensure that this feature exhibits differentiation from Rel.15/16 inter-cell mobility (including the DAPS-based approach), the resulting feature should not expect the UE to measure all the SSBs and/or TRSs associated to the non-serving cell(s). This would result in reduced UE complexity (relative to the Rel.15/16 approach). 

Proposal 6: For L1/L2-centric inter-cell mobility, support
· beam measurement based on RSs associated with non-serving cells and beam report which includes indicator for (RS-ID such as SSB-RI(s) and CRI(s), cell-ID).
· This feature should enable the UE measuring only a subset of SSBs or TRSs of the non-serving cell(s) 
· TCI state definition which includes information associated with the measured RSs (including SSB and CSI-RS of the non-serving cell(s) and physical cell ID).

There are some additional aspects to consider with L1/L2-based mobility:
· The need for RSRP filtering (cf. L3 filtering). RSRP filtering smooths out the RSRP measurement and removes or limits short term fluctuations that minimize dither back and forth between cells. Yet filtering introduces a delay (due to the filter inherent delay) in handover. Further study is required to determine the need and design of RSRP filtering.
· Timing adjustment. As the UE moves from one cell to the next, the UE would need to adjust the downlink reception time and uplink transmission time. Time adjustment can be due to difference in timing between the two cells, and in variation in the propagation delay between the two cells.

Observation 1: L1/L2-based cell mobility may require additional design consideration at least related to:
· The need for and extent of RSRP filtering
· Timing adjustment at the UE

[bookmark: _Ref54233531]Issue 3: Dynamic TCI state update signalling
In RAN1#103-e, the following agreement was made:

a) In RAN1#103-e, investigate, for the purpose of down selection, the following alternatives:
· Alt1. DCI
· Alt2. MAC CE
· Note: Combination between DCI and MAC CE for, e.g. different use cases or control information partitioning can also be considered 
· Note: The study should consider factors such as feasibility for pertinent use cases, performance (based on at least the agreed EVM), overhead (including PDCCH capacity), latency, flexibility, reliability including the support of retransmission 
· Note: This may be related to outcome of issue 1a), 1b), and 6a)
b) In RAN1#103-e, depending on the outcome of 3a), identify candidates for more detailed design issues for the dynamic TCI state update such as 
· Exact content 
· Signaling format 
· Reliability aspects including the support of retransmission
· Extensions, including the support of UE-group (in contrast to UE-dedicated) signaling

In this section, we propose DCI-based beam indication to improve beam management efficiency. 

L1-based (DCI-based) beam indication (TCI state update)
[bookmark: _GoBack]As previously argued, beam management efficiency can be vastly improved with a common TCI state update (beam indication) utilized for DL data and the associated DL assignment (and, analogously, a common TCI state update for UL data and PUCCH). TCI state update (beam indication) via L1-control (DCI) is shown to outperform that via MAC CE, as presented in our companion contribution [6] and repeated in the following observation. 

Observation 2: For dense urban highway and HST scenarios, MAC CE-based beam indication incurs up to 12% loss in average user throughput compared to DCI-based beam indication, and up to 32% loss in 5% user throughput. The throughput loss incurred by MAC CE-based indication over DCI-based is even larger (approximately 20 to 40%), when the UE is close to the transmitter (gNB for dense urban highway and RRH for HST).

In this section, we compare MAC CE-based beam indication (already supported in Rel-15) and L1-control signalling based beam indication. Three aspects are considered: reliability, latency, and overhead.

· Reliability
Typically, MAC CE is perceived to be more reliable than L1 control due to HARQ-ACK feedback and HARQ retransmissions. However, HARQ-ACK feedback has also been supported for L1 control. For instance, in Rel-15, “SPS release” is an L1 control signal with HARQ-ACK feedback. Supporting beam indication using a DCI with HARQ-ACK feedback improves the reliability of the DCI-based TCI state indication.
Observation 3: Utilizing L1 control signalling with HARQ-ACK feedback (a known Rel-15 feature) will further improve the L1 control signalling reliability.
An L1 control transmission consists of only PDCCH (target BLER ≤1%), while a MAC CE transmission consists of a PDCCH with a DL assignment followed by a PDSCH for the data transmission of the MAC CE (target BLER around 10% or higher). If the UE fails to receive the PDCCH transmission, it will not receive the PDSCH transmission either. To benefit from HARQ combining across multiple retransmissions, the PDCCH of each retransmission should be successfully decoded even if the UE fails to decode the corresponding PDSCH. Hence, the BLER error rate of PDCCH is significantly lower than that of PDSCH. 
Observation 4: The error rate of a single transmission of L1 control signalling is significantly lower than that of a single transmission of MAC CE.
Accordingly, we arrive at the following observation:
Observation 5: Assuming the same number of transmissions (with or without HARQ), beam indication by L1 control signalling is more reliable than beam indication by MAC CE signalling.
· Latency
At the gNB, DL beam indication is derived in L1 based on beam reporting from the UE, which uses L1 control signalling, e.g., CSI on PUCCH/PUSCH. At the UE, beam indication from the gNB is used in L1 to derive the beam (spatial filter) used for DL reception and UL transmission. By sending DL beam indication via MAC CE, extra processing is incurred in the gNB and UE by involving the MAC layer and additional L1 processing as illustrated in Figure 3. At the gNB, the extra processing includes passing beam indication to L2, generating the MAC CE message, passing the information back to L1, and additional encoding for PDSCH in addition to the PDSCH transmission time. At the UE, the extra processing includes decoding the PDSCH, passing the decoded information to L2, decoding and extracting the beam indication from the MAC CE, and then passing the beam indication back to L1. 
Furthermore, retransmission of beam indication, if utilized, is faster with L1-control-based signalling compared to L2-based signalling as L1-control-based signalling avoids the encoding and decoding latency of PDSCH and the transmission time of PDSCH.


[bookmark: _Ref45964270]Figure 3: Processing steps for L1 control signalling-based beam indication and MAC CE-based beam indication.
Figure 4 illustrates the timeline of DCI-based beam indication. In case of a successful first transmission, the time between the time between the availability of the beam indication in the gNB and the application of the beam indication to a spatial filter in the UE can be 0.49 ms (with a sub-carrier spacing of 120 kHz). Retransmissions add 0.31 ms. For DCI-based beam indication with N transmissions, the beam indication latency is given by:



[bookmark: _Ref53055675]Figure 4: Timeline of DCI-based beam indication.

Figure 5 illustrates the timeline of MAC CE-based beam indication. In case of a successful first transmission, the time between the time between the availability of the beam indication in the gNB and the application of the beam indication to a spatial filter in the UE can be 2.125 ms (with a sub-carrier spacing of 120 kHz). Retransmissions add 1.36 ms. For MAC CE-based beam indication with N transmissions, the beam indication latency is given by:




[bookmark: _Ref53056027]Figure 5: Timeline of MAC CE-based beam indication.

As discussed in the reliability section, to achieve the same target error rate after multiple transmissions, MAC CE-based beam indication requires more retransmissions than L1-control-based beam indication. Hence, not only does MAC CE-based beam indication incur a longer round trip time with HARQ retransmission, but it also requires more HARQ retransmissions.
Observation 6: To achieve the same error rate, MAC CE-based signalling of the TCI state requires more retransmissions when compared to L1-control-based signalling and hence takes more time to get across to the UE.
Figure 6 illustrates the latency CDF of DCI-based and MAC CE based beam indication, assuming the latencies of Figure 4 and Figure 5 and DCI error rate of 1% and a MAC CE error rate of 10%. Accordingly, we arrive at the following observation:
Observation 7: Beam indication via L1 control signalling incurs lower latency than via MAC CE.
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[bookmark: _Ref53056304]Figure 6: Latency CDF of DCI-based and MAC CE-based beam indication.

Another aspect to consider related to latency and reliability is the fact that beam indication of a new TCI state is sent by a channel using a spatial filter derived from a previously signalled TCI state. In a high-mobility environment, the signal quality of the channel received using a spatial filter of a previously signalled TCI state, can degrade quickly after a new beam (TCI state) becomes available. The longer the latency of the channel used to convey the TCI state, the worse its signal quality becomes, the higher the error rate, and the less reliable the transmission of the new TCI state.
To illustrate this point, we ran simulations [6] to show the channel quality (SINR) X ms after a new TCI state has been identified, where . The scenario considered for the simulation is the HST scenario [3], two snapshots are shown in Figure 7;
· Figure 7 (a) shows the SINR of the channel as the UE passes by RRH A, where RRH A is on the track furthest from the RRH, i.e. the distance between the track and the RRH is 11 m.
· Figure 7 (b) shows the SINR of the channel as the UE passes by RRH B, where RRH B is on the track nearest to the RRH, i.e. the distance between the track and the RRH is 5 m.
The arrows in Figure 7 indicate the points in time at which a beam change occurs. In Figure 7 (b), a latency of 3 ms can lead to an additional drop of SINR of up to 25 dB. For MAC CE-based TCI state indication, according to the timeline of Figure 5, the first transmission has a latency of just over 1ms, while the second transmission has a latency of around 2.5 ms. Hence, we would expect with a high likelihood that if the first transmission of MAC CE-based TCI state indication is not successfully received, the following retransmissions will also not be successfully received. This would lead to a beam indication failure. 
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(a)                                                                                      (b)
[bookmark: _Ref54010762]Figure 7: Impact of latency n SINR.

Observation 8: In a high-mobility environment, using a channel with high-latency for TCI state indication, increases the likelihood of beam indication failure.

· Overhead
L1 control signalling requires only transmission of PDCCH, while MAC CE signalling requires transmission of PDCCH and the corresponding PDSCH (carrying the MAC CE message), hence it incurs more DL overhead.
The “TCI State Indication for UE-specific PDCCH” MAC CE can be sent as a standalone PDSCH transmission, or it can be multiplexed with downlink user data. The multiplexing of “TCI State Indication for UE-specific PDCCH” MAC CE with downlink user data, can incur additional latency when no downlink data is available at the time of needing to send a TCI state update. On the other hand, sending the MAC CE as a standalone PDSCH transmission requires a lower code rate, by virtue of the smaller transmission payload size, thus incurring additional overhead and penalizes the air interface spectral efficiency. On the other hand, L1 control signalling is designed to more efficiently handle this type of signalling traffic.
According to the analysis of Appendix A, the beam indication overhead is as illustrated in Figure 8. DCI overhead is about half that of MAC CE and additional overhead savings can be achieved when we using UE group DCI.


[bookmark: _Ref53060061]Figure 8: Beam Indication Overhead


Observation 9: Beam indication by L1 control signalling incurs less DL overhead than beam indication by MAC CE signalling.

Timeline and HARQ-ACK for DCI-based beam indication
Figure 9 illustrates the time of DCI-based indication. After the transmission and acknowledgement of a DCI, the UE and the network can apply the newly indicated TCI state after a period “timeDurationForQCL”. All UE-specific transmissions and receptions starting after that time period use the indicated TCI state until a new TCI state is indicated and the corresponding “timeDurationForQCL” elapses.


[bookmark: _Ref53060864]Figure 9: Timeline of DCI-based Beam Indication

As illustrated in Figure 9 a TCI state indicated in a PDCCH transmission can be followed by HARQ-ACK feedback to enhance the beam indication reliability. A UE transmits a positive acknowledgement when it successfully receives the PDCCH carrying the TCI state. A DCI format carrying a TCI state can include at least the fields indicated in Table 1.

[bookmark: _Ref53061685]Table 1: Content of DCI Carrying Beam Indication
	Parameter
	Description

	TCI state(s)
	Can be a common DCI state for UL and DL transmissions and receptions, alternatively separate TCI states for UL and DL transmissions and receptions. Size depends on number of TCI state code points

	PCI
	PUCCH Resource Indicator. Size 3 bits following R15 design

	HARQ_feedback timing indicator
	Indicates the time between the TCI DCI and the corresponding PUCCH resource for HARQ-ACK feedback for the DCI carrying a TCI state

	Padding
	For alignment to the nearest DCI size



1 
2 
3 
3.1 
3.2 
3.2.1 
[bookmark: _Ref53999247]Group-based beam indication
In group-based beam indication, beam indication is provided for a group of UEs. We consider two-examples:
· In the first example, a group of UEs is moving together in the same direction and at the same speed. For example, they can be UEs in a train or other transportation vehicles. As the UEs are moving together, a common beam indication (TCI state update) signalling can be used to update the TCI state for all UEs in the group. An example is shown in Figure 10, wherein a group of UEs is moving together in a bus, and beam measurement, reporting, and indication can be performed by and based on a group leader in a bus. In this example, group-based beam indication can provide benefits such as: 
1) Reduced overhead, due to fewer beam reports and fewer beam indications
2) Reduced baseband power consumption, due to beam measurements and reporting only performed by the group leader;
3) Improved reliability and reduced latency, as there is a single beam report from the group leader, higher resolution (more narrow beams) and more frequent beam reports can be supported.
Observation 10: Group-based beam indication based on group-based mobility can reduce overhead, power consumption, and latency while also improving reliability.



[bookmark: _Ref47288918]Figure 10: Group-based beam indication for group-based mobility.

· In the second example, the group of UEs is located in close proximity of each other. This is illustrated in Figure 11, wherein narrow beams with high gains are dedicated to the group of UEs (e.g., one narrow beam per UE) for receiving data and increasing system throughput. A wide beam can be used for beam indication and can be common to a group of users in close proximity. 



[bookmark: _Ref47289545]Figure 11: UE group for UEs in close proximity with a UE-group wide beam for beam indication and UE-dedicated narrow beams for dedicated traffic.

Observation 11: UE-group beam indication can utilize a wider beam for beam indication to a group of UEs in close proximity.

When the gNB transmits a UE-group beam indication, it includes a TCI state update for each UE in the group as illustrated in Figure 12. In general, however, not every UE in the group requires a TCI state update. This not only increases overhead, but also UE power consumption. One way to resolve this issue is by using a two-part beam indication (received in the same slot), as illustrated in Figure 12, wherein only the updated TCI states for  a subset of the UEs are signaled. The first part is a small payload signal (i.e. in terms of a number of payload bits) with a lower processing requirement, carrying information about UEs whose TCI state is being updated in the second part. The second part carries TCI state(s) only for UEs indicated in the first part. The first part is processed by all UEs of the UE group, while the second part only by UEs with updated TCI state(s).
Observation 12: Two-part beam indication can reduce UEs decoding complexity and air interface overhead.



[bookmark: _Ref47289945]Figure 12: Single- and two-part beam indication.

For configuration, activation and indication of the TCI state, as illustrated in Figure 13, three levels can be considered:
· Configuration of TCI states by RRC signalling. The configured TCI states can be a common pool for UL and DL TCI states. Alternatively, separate TCI state sets can be configured for UL and DL TCI state indication. Our preference is to have a common pool for UL and TCI states.
· Activation of TCI states by MAC CE signalling, i.e. signalling TCI state code points. MAC CE can activate a subset of TCI states. The activated TCI states can be a common subset for TCI state indication. Alternatively, separate TCI state subsets can be activated for UL and DL TCI state indication. Our preference is to have a common subset of TCI states activated for DL and UL beam indication. The number of activated TCI states can be based on a UE capability.
· Indication of Target TCI state by DCI signalling, by joint TCI state as discussed in section 2.


[bookmark: _Ref54250740]Figure 13: TCI State Signalling, Activation and Indication Framework.

Based on the discussion in this section, we propose:

Proposal 7: To support common TCI state update for DL data and the associated DL assignment (UE-dedicated control), L1-control-based (DCI-based) beam indication is used.
· Note: With joint TCI for DL and UL, this is also applicable for UL
· Retransmission for DCI is supported following the Rel.15/16 retransmission scheme for SPS PDSCH release
· A UE transmits a positive acknowledgement when it successfully receives the PDCCH carrying the TCI state.
· A new TCI state indicated in a DCI-based beam indication message is applied after the TCI state has been positively acknowledge and a time period “timeDurationForQCL” has elapsed.
· First preference on UE-group DCI (for better efficiency) with second preference on UE-specific (unicast) DCI.
· Depending on the number of configured TCI states, consider using MAC CE to activate a subset of RRC-configured TCI states (similar to Rel.15/16) to narrow down candidates for TCI state update (beam indication)
· A DCI format carrying a TCI state can include at least the following fields:
· TCI States (Common or separate)
· PUCCH Resource Indicator
· HARQ_feedback timing indicator
· Padding

Issue 6: Advanced Beam Tracking/Refinement
Beam tracking and beam refinement, although potentially referring to different actions (the first pertaining to time variation while the second to spatial resolution), are functionally the same, i.e. beam acquisition. To speed up beam acquisition in high-mobility scenarios (such as highway and HST), it is evident that both beam indication (issue 3) and beam measurement/reporting need to be enhanced. 
In the following, we focus on beam measurement/reporting since beam indication has been discussed in section 4.
 
Beam Acquisition when RRC Connection is Established
Beam sweeping/training is a part of the beam management procedure during which a BS and a UE identify a TX-RX beam pair for subsequent communication. Beam sweeping/training involves beam tracking, wherein a UE can refine its beam (TX and RX spatial filter) as the UE moves around. Beam sweeping/training also involves beam refinement, wherein a UE identifies a finer beam (TX and RX spatial filter) from a coarser beam. For DL transmissions, beam sweeping/training can include the following [5] ( Figure 14):
· Step P1 is a coarse DL TX beam refinement, wherein a UE measures different DL TX beams to select a coarse DL TX-RX beam pair, typically performed based on SSB.
· Step P2 is a fine DL TX beam refinement, wherein a UE measures different DL TX beams to enable refinement of the DL TX beams. The reference signal for DL beams can be a CSI-RS with a narrower beam (spatial transmit filter) than the beam of the reference signal of Step P-1.
· Step P3 is a fine DL RX beam refinement, wherein a UE measures a same DL TX beam with different RX beams. A UE identifies the optimum DL RX beam, i.e. the optimum DL RX spatial domain filter.



[bookmark: _Ref54258954]Figure 14: Beam sweeping and training.

The process P1/P2 is also known to two-step beam acquisition. Here, P2 facilitates beam tracking/refinement without having to sweep through a large number of candidate (higher-resolution) beams. In Rel.15/16, P2 will require one of the following: 
· The UE is configured with P-CSI-RS for beam management to enable the UE to measure CSI-RS for DL TX beam refinement. Then the NW can transmit a CSI request via DCI 0_1 to trigger a beam report.   
· The UE is configured with AP-CSI-RS and receives a CSI request, via DCI 0_1. The CSI request will trigger both AP-CSI-RS (transmitted with a time offset relative to the DCI) and beam reporting. After receiving the CSI request, the UE measures the AP-CSI-RS intended for DL TX beam refinement to calculate and subsequently transmit the beam report.  
In either alternative, this contributes to unnecessary latency for beam measurement/reporting as well as P3 – not to mention higher UE power consumption if P-CSI-RS is configured. 

Observation 13: In Rel.15/16, P2 will require the UE to be configured P-CSI-RS or, alternatively, to receive a CSI request, via DCI 0_1, before measuring the AP-CSI-RS intended for DL TX beam refinement. This contributes to unnecessary latency for beam measurement/reporting as well as P3. 

To circumvent the additional latency and UE power consumption, the AP-CSI-RS and beam reporting can be implicitly triggered by the DCI-based beam indication (proposed in section 4). This not only removes the unnecessary latency imposed by the UE waiting for a separate CSI request, but also reduces the use of PDCCH. That is, upon successfully decoding a TCI state update, the UE will subsequently measure an AP-CSI-RS and calculate the respectively beam reporting. 

Proposal 8: To reduce beam measurement/reporting latency, investigate beam measurement/reporting mechanism where the DCI-based beam indication also functions as an implicit trigger for AP-CSI-RS and beam reporting:
· Upon successfully decoding a TCI state update, the UE will subsequently measure an AP-CSI-RS and calculate the respectively beam reporting.

Another aspect to consider is the efficiency of the TX/RX fine tuning procedure, i.e. step P2 and step P3. Combining P2 and P3 into a single step, wherein refinement of the TX beam and RX beam is performed jointly not only speeds up the beam refinement procedure but can also lead to more optimum beam selection. One way to achieve this, is to have CSI-RS subsets wherein a UE can assume different DL spatial domain transmission filters across the subsets to allow for DL TX beam sweeping, for DL TX beam refinement. Within each CSI-RS subset the UE may assume that the CSI-RS resources are transmitted with the same DL spatial domain transmission filter (beam), allowing the UE to refine its DL RX beam, by doing a receive beam sweep across these resources. 

Proposal 9: Investigate combining TX and RX beam refinement in beam management procedure.
· Investigate CSI-RS design by allowing partial repetition of the CSI-RS resources across DL spatial domain transmission filters, wherein a UE may assume that a subset of CSI-RS resources have a same spatial domain transmission filter.

Beam Acquisition During Initial Access (RACH Procedure)
During initial access, a UE identifies a beam based on association with an SSB. The UE searches for SSBs that exceed a threshold. The UE selects an SSB that exceeds a threshold (not necessarily the SSB with largest RX power) to determine the associated PRACH Occasions (ROs) to transmit the preamble. Based on the RO of the preamble, network determines the associated SSB and uses the corresponding beam to transmit the Random Access Response (RAR), and subsequent messages, e.g. message 4. The UE after receiving the RAR, transmits message 3 using the same spatial filter as that used for the preamble. This procedure is sub-optimal in at least the following aspects:
· The UE might not select the RO corresponding to the SSB with the largest RX power. There are a few reasons for this, some might be UE implementation related, others might be related to satisfying the MPE requirement, which could prevent a UE from transmitting in the direction of the most optimum downlink beam. In either case, the network doesn’t know that the optimum downlink beam is different from that of the SSB associated with the RO of the preamble. It would be useful to convey this information to the network. For example, this information can be conveyed during the transmission of message 3.
· The beams used during initial access and until dedicated RRC configuration are based on SSB beams. These are typical coarse beams. It would be useful to allow for beam refinement during initial access and before dedicated RRC configuration, based on finer beams.

Proposal 10: Investigate mechanisms to improve beam management during initial access.

[bookmark: _Ref54011627]Issues 4 and 5: UL beam/panel selection and MPE mitigation 
As explained in Section 2, when beam correspondence between DL and UL holds, the joint TCI can be used to indicate the common beam for both DL and UL. When beam correspondence is not utilized, an UL beam or spatial relation information can be included into the joint TCI state definition to indicate the common beam for UL. In addition, the following UL-specific components can be included in the proposed unified TCI framework.
· Fast panel selection: When the UE is equipped with multiple antenna panels, fast panel selection (for, e.g. mitigating the UL coverage loss due to MPE or/and change in channel conditions) can be accommodated via panel-specific UL beam or spatial relation information indication. This can be realized, e.g. by associating/linking/including an index of a source RS resource or resource set associated with an antenna panel into the joint TCI state definition.
Proposal 11: For multi-panel UEs, fast panel selection is facilitated by including an index of RS resource or resource set associated with a panel into the joint TCI state definition.
· MPE mitigation: To meet regulation requirements, a UE is required to reduce its transmission power when transmitting in the direction of the human body. Alternatively, a UE may transmit in a different direction, which might have a larger pathloss but can use as larger transmit power as it is in a direction away from the human body. There are three aspects to consider in relation to MPE events:
· Detection of an MPE event. Such an event can happen, for instance, when the UE transmission is restricted by the so-called Maximum Permissible Exposure (MPE) regulation. That is, to prevent any excessive electromagnetic wave exposure on delicate soft tissues (e.g. brain tissues), the UE is to avoid transmitting high energy signal along with some directions (e.g., toward the head). This can be done by detection of soft tissue. Detection of an MPE event can be left to the UE’s implementation.
Observation 14: Detection of an MPE event is left for UE’s implementation.
· Reporting the MPE event to the network. When an event that results in the UE having to select an UL TX beam different from what the BS expects, some additional mechanisms are needed to ensure that the gNB is aware of the UE decision. The direction of the human may correspond to the “best” UL TX beams. When the “best” UL TX beams are not used for UL transmission, some loss of UL throughput (especially coverage) will occur.  One solution is based on a UE-initiated approach wherein the UE upon detecting the occurrence of such events, initiates a UL TX beam update mechanism. This requires a UE to report an MPE event to the network, along with beam measurements and indication of a preferred beam or UE panel to mitigate the MPE effect.
Observation 15: A UE can report an MPE event to the network along with event-triggered beam measurement and reporting. A UE may indicated a preferred beam or UE panel. 
· Network signalling in response to a UE reporting an MPE event. One solution is that no further action is taken by the network, i.e. the UE already reported its preferred beam or panel to mitigate the MPE event and the network follows the UE initiated signalling. Another solution is for the network to use the measurements provided by a UE in association with the MPE event to address this issue is based on signalling an alternate UL TX beam to the UE.

Proposal 12: For MPE mitigation, investigate a mechanism for providing an alternate UL TX beam as well as a UE-initiated UL TX beam update.

Conclusions
The following observations and proposals have been made regarding the unified TCI Framework and TCI State:
Proposal 1: For the purpose of separate DL and UL beam indications, Alt1 is supported wherein some of the TCI states in the TCI state definition will include non-corresponding DL QCL and UL spatial reference information.
Proposal 2: At least for a single TRP, a TCI state includes one source RS of DL QCL Type D.
· Note: Per Rel.15/16, an additional DL source RS can be used for another QCL type.
Proposal 3: For intra-band and inter-band carrier aggregation in a single TRP, a common TCI state can be used across all carriers.
· Further study the need for separate TCI states in different bands for carrier aggregation.
Proposal 4: Support SRS for beam management as a source RS for DL spatial filter.

The following observations and proposals have been made regarding inter-cell mobility enhancements:
Proposal 5: On the scope of L1/L2-centric inter-cell mobility for Rel.17, focus on the following:
· Intra-frequency “handover” (inter-cell mobility).
· NSA architecture with a common LTE anchor carrier, as well as SA architecture.  
· Small number of non-serving cells (exact number TBD). 
· Target cell and source cell are in the same DU.
· Note: Given the current TU allocation in RAN2, enhancement on RRC reconfiguration doesn’t seem feasible.
Proposal 6: For L1/L2-centric inter-cell mobility, support
· beam measurement based on RSs associated with non-serving cells and beam report which includes indicator for (RS-ID such as SSB-RI(s) and CRI(s), cell-ID).
· This feature should enable the UE measuring only a subset of SSBs or TRSs of the non-serving cell(s) 
· TCI state definition which includes information associated with the measured RSs (including SSB and CSI-RS of the non-serving cell(s) and physical cell ID).

Observation 1: L1/L2-based cell mobility may require additional design consideration at least related to:
· The need for and extent of RSRP filtering
· Timing adjustment at the UE

The following observations and proposals have been made regarding dynamic TCI signal update
Observation 2: For dense urban highway and HST scenarios, MAC CE-based beam indication incurs up to 12% loss in average user throughput compared to DCI-based beam indication, and up to 32% loss in 5% user throughput. The throughput loss incurred by MAC CE-based indication over DCI-based is even larger (approximately 20 to 40%), when the UE is close to the transmitter (gNB for dense urban highway and RRH for HST).
Observation 3: Utilizing L1 control signalling with HARQ-ACK feedback (a known Rel-15 feature) will further improve the L1 control signalling reliability.
Observation 4: The error rate of a single transmission of L1 control signalling is significantly lower than that of a single transmission of MAC CE.
Observation 5: Assuming the same number of transmissions (with or without HARQ), beam indication by L1 control signalling is more reliable than beam indication by MAC CE signalling.
Observation 6: To achieve the same error rate, MAC CE-based signalling of the TCI state requires more retransmissions when compared to L1-control-based signalling and hence takes more time to get across to the UE.
Observation 7: Beam indication via L1 control signalling incurs lower latency than via MAC CE.
Observation 8: In a high-mobility environment, using a channel with high-latency for TCI state indication, increases the likelihood of beam indication failure.
Observation 9: Beam indication by L1 control signalling incurs less DL overhead than beam indication by MAC CE signalling.
Observation 10: Group-based beam indication based on group-based mobility can reduce overhead, power consumption, and latency while also improving reliability.
Observation 11: UE-group beam indication can utilize a wider beam for beam indication to a group of UEs in close proximity.
Observation 12: Two-part beam indication can reduce UEs decoding complexity and air interface overhead.

Proposal 7: To support common TCI state update for DL data and the associated DL assignment (UE-dedicated control), L1-control-based (DCI-based) beam indication is used.
· Note: With joint TCI for DL and UL, this is also applicable for UL
· Retransmission for DCI is supported following the Rel.15/16 retransmission scheme for SPS PDSCH release
· A UE transmits a positive acknowledgement when it successfully receives the PDCCH carrying the TCI state.
· A new TCI state indicated in a DCI-based beam indication message is applied after the TCI state has been positively acknowledge and a time period “timeDurationForQCL” has elapsed.
· First preference on UE-group DCI (for better efficiency) with second preference on UE-specific (unicast) DCI
· Depending on the number of configured TCI states, consider using MAC CE to activate a subset of RRC-configured TCI states (similar to Rel.15/16) to narrow down candidates for TCI state update (beam indication)
· A DCI format carrying a TCI state can include at least the following fields:
· TCI States (Common or separate)
· PUCCH Resource Indicator
· HARQ_feedback timing indicator
· Padding

The following observations and proposals have been made regarding advanced beam tracking/refinement topics
Observation 13: In Rel.15/16, P2 will require the UE to be configured P-CSI-RS or, alternatively, to receive a CSI request, via DCI 0_1, before measuring the AP-CSI-RS intended for DL TX beam refinement. This contributes to unnecessary latency for beam measurement/reporting as well as P3. 

Proposal 8: To reduce beam measurement/reporting latency, investigate beam measurement/reporting mechanism where the DCI-based beam indication also functions as an implicit trigger for AP-CSI-RS and beam reporting:
· Upon successfully decoding a TCI state update, the UE will subsequently measure an AP-CSI-RS and calculate the respectively beam reporting.
Proposal 9: Investigate combining TX and RX beam refinement in beam management procedure.
· Investigate CSI-RS design by allowing partial repetition of the CSI-RS resources across DL spatial domain transmission filters, wherein a UE may assume that a subset of CSI-RS resources have a same spatial domain transmission filter.
Proposal 10: Investigate mechanisms to improve beam management during initial access.

The following observations and proposals have been made regarding UL beam/panel selection and MPE
Proposal 11: For multi-panel UEs, fast panel selection is facilitated by including an index of RS resource or resource set associated with a panel into the joint TCI state definition.

Observation 14: Detection of an MPE event is left for UE’s implementation.
Observation 15: A UE can report an MPE event to the network along with event-triggered beam measurement and reporting. A UE may indicated a preferred beam or UE panel. 

Proposal 12: For MPE mitigation, investigate a mechanism for providing an alternate UL TX beam as well as a UE-initiated UL TX beam update.
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Appendix 1: Overhead Analysis
Scenario:
	Parameter
	Value

	Scenario
	High speed (following agree EVM assumptions [3])

	Speed of UE
	256 km/h (71.11 m/s)

	Distance between TRPs
	200m

	Time of travel between TRPs
	2.8125

	Sub-carrier Spacing
	120 kHz

	Bandwidth
	100 MHz (66 PRBs)

	Total REs during travel between TRPs
	2.8125 * 1000 * (120/15) * 14 * 66 * 12 = 2.495 * 108

	Beam changes during travel between TRPs
	64

	Number of users on Train
	1024



MAC CE Overhead:
	Parameter
	Value

	MAC CE Size
	10 Bytes (3 Bytes CRC: 4 Bytes MAC Header: 3 Bytes MAC CE)

	Code Rate
	0.2

	Modulation Order
	QPSK

	REs per MAC CE (PDSCH) 
	200

	PDCCH AL
	4

	REs per MAC CE (PDCCH)
	288

	REs per MAC CE (total per UE per beam change)
	488

	REs per MAC CE (total per UE all beams)
	31232

	REs per MAC CE (total per UE  including Re-Tx overhead)
	31232/0.9(1-PDSCH BLER)/0.99(1-PDCCH BLER) = 35053 bits

	RE per MAC CE (total across all UEs)
	3.59 * 107 bits

	Overhead (across all UEs)
	14.39%



UE specific DCI overhead
	Parameter
	Value

	PDCCH AL
	4

	REs per DCI (total per UE per beam change)
	288

	REs per DCI (total per UE all beams)
	18432

	REs per DCI (total per UE  including Re-Tx overhead)
	18432/0.99(1-PDCCH BLER) = 18618 bits

	RE per DCI (total across all UEs)
	1.91 * 107 bits

	Overhead (across all UEs)
	7.65%



UE group DCI overhead
	Parameter
	Value

	UEs per group
	16

	PDCCH AL
	16

	REs per DCI (total per group per beam change)
	1152

	REs per DCI (total per group all beams)
	73728

	REs per MAC CE (total per group  including Re-Tx overhead)
	73728/0.99(1-PDCCH BLER) = 74473 bits

	RE per MAC CE (total across all UEs)
	4.77 * 106 bits

	Overhead (across all UEs)
	1.91%









Beam Indication Overhead

MAC CE	UE specific DCI	UE group DCI	0.14387532352365873	7.641902429781218E-2	1.9104756074453045E-2	
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