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Introduction
Release-17 RAN1 work-item on further enhanced MIMO (FeMIMO) in [1] scoped the following for the enhancement of high-speed train – single frequency network deployment for both FR1 and FR2. 
	2. Enhancement on the support for multi-TRP deployment, targeting both FR1 and FR2:
d. Enhancement to support HST-SFN deployment scenario:
i. Identify and specify solution(s) on QCL assumption for DMRS, e.g. multiple QCL assumptions for the same DMRS port(s), targeting DL-only transmission
ii. Evaluate and, if the benefit over Rel.16 HST enhancement baseline is demonstrated, specify QCL/QCL-like relation (including applicable type(s) and the associated requirement) between DL and UL signal by reusing the unified TCI framework




In this contribution, we discuss the enhancement for HST SFN deployment including transmission schemes for PDSCH/PDCCH and adaptive DMRS configuration while addressing aspects related to signaling and configuration. 
Enhanced SFN DL transmission
In the previous RAN1 meetings, it was agreed to support enhanced SFN scheme 1 in Rel-17 where DMRS and PDCCH/PDSCH are transmitted from both TRPs in SFN manner whereas the DMRS ports are associated with at most two TCI states for both FR1 and FR2. The DMRS port(s) of PDCCH/PDSCH are associated with two TCI states containing TRS as source reference signal where both TCI states are associated with QCL-TypeA and each TCI state may be additionally associated with QCL-TypeD.
SFN DL Transmission schemes
The different approaches for enhancing DL transmission of HST-SFN have been categorized into two different transmission schemes depending on whether DMRS is transmitted in SFN or nonSFN manner across the two TRPS.  
[bookmark: _Ref61470730]SFN Scheme 1: non-SFN TRS and SFN DMRS
In this scheme, the TRS is transmitted in non-transparent manner from both TRPs to the UE. The two variation of the scheme is shown in Figure 2‑1. The picture to the left is TRP specific TRS where each TRP sends a specific TRS. The picture to the right represents a backward compatible enhanced SFN scheme 1 where the first TRS (TRS0) is transmitted in SNF manner from both TRS while TRS1 is transmitted from single TRP. The latter scheme helps the network to serve mixture of Rel-17 UE that are capable of the reception of enhanced SFN scheme 1 and legacy UE that can support only legacy (Rel-15) SFN transmission. It is worth mentioning that the Rel-17 UE in the later scheme with SFN TRS (TRS0) is still capable of estimating the Doppler shift from each TRP transmission. 


       
[bookmark: _Ref47467290]Figure 2‑1 Scheme 1 with non-SFN TRS; left (TRP specific TRS) and right (BC SFN TRS)
In first scheme with TRP specific TRS, the DMRS port(s) are associated with two TCI states in which TRS1 and TRS2 are the source reference signals and each TCI state is associated with QCL Type A. And similarly, for SFN scheme 1 with BC SFN TRS, the DMRS port(s) are associated with two TCI states in which TRS0 and TRS1 are the source reference signals and each TCI state is associated with QCL Type A. This QCL/TCI configuration is referred as variant E based on the latest RAN1 agreement in RAN 103e meeting.

	SFN Scheme-1
	TCI state #1
	TCI state#2
	QCL Variant

	TRP specific TRS
	TRS1: QCL Type A
	TRS2: QCL Type A
	Variant E

	BC SFN TRS
	TRS1: QCL Type A
	TRS0: QCL Type A
	Variant E



For SFN scheme-1 with TRP specific TRS, the UE estimates the Doppler shift of each TRP from the corresponding TRS (TRS1/2) and extracts the overall delay spread and average delay based on combining the channel impulse response from each TRS. However, for scheme-1 with SFN TRS, the UE extracts the delay spread and average delay from the SFN TRS (TRS0). The Doppler shift of the first TRP is obtained directly from the TRS1 and Doppler shift of 2nd TRP is obtained based on the differential channel from TRS0 and TRS1. The processing of each TRS to obtain large scale time frequency properties of the SFN transmission is shown in Figure 2‑2 and Figure 2‑3 for SFN schemes with TRP specific TRSP and BC SNF TRS respectively. 


[bookmark: _Ref61805396]Figure 2‑2: SFN scheme-1 with TRP specific TRS



[bookmark: _Ref61805406]Figure 2‑3  SFN scheme-1 with BC SFN TRS
Link-level study to evaluate the performance of both flavours of TRS as described above is shown Figure 2‑4 at the track points between two adjacent TRPs. We considered system BW of 20MHz with 50RB allocation. The DL precoder is random precoder cycling per each TRP with PRG = 2RB. The UE is assumed to have 4 Rx and with speeds of 500 km/hr. The complete list of simulation assumptions is listed in the appendix at Table 2. The simulation is done using link-adaptation with fixed rank-1 and rank-2 at fixed SNR = 12 dB and 2-taps channel model is used. 
[image: ][image: ]
[bookmark: _Ref61800876]Figure 2‑4: Scheme-1 evaluation using 2-tap channel model for Rank-1 (left figure) and Rank-2 (right figure)
In Figure 2‑5, the evaluation results of both TRS configuration are compared using the extended CDL-D channel model at the mid-track. The simulation is based on fixed MCS (MCS = 4, 13 and 17) with fixed rank-1 and rank-2.

[image: ] [image: ]
[bookmark: _Ref61447391]Figure 2‑5 Scheme1 evaluation with Fixed MCS using the extended CDL-D channel model at mid-track point.
It is clear from the results that both flavours of SFN scheme-1 have almost the same performance. Meanwhile, SFN scheme-1 with SFN TRS has the advantage of backward compatibility. As both options of TRS configuration are associated with two TCI states and same QCL type, the differentiation between both TRS configuration can be achieved by the configuration of higher layer parameter.
Observation 1: SFN scheme-1 with backward compatible SFN TRS has almost the same performance of Scheme-1 with distributed TRS (TRP-specific) while enabling backward compatible to pure SFN scheme.
Proposal 1: Support the introduction of higher layer parameter to differentiate between SFN scheme-1 with BC SFN TRS and TRP-specific TRS.

SFN Scheme 2: non-SFN TRS and DMRS
In this scheme, to improve the DM-RS channel estimation, the DM-RS is transmitted in non-SFN manner from each TRP. However, the expected improvement comes with the cost of extra DMRS overhead as the number of DMRS ports need be at least doubled (e.g. two TRPs scenario).  Two variation of the scheme is shown in Figure 2‑6 with the assumption of Rank-1 DL transmission. The picture to the left is TRP specific TRS and DMRS where each TRP sends its own TRS and DMRS port(s). The picture to the right represents a backward compatible enhanced SFN scheme 2 where the first TRS (TRS1) and DMRS port 0 are transmitted in SNF manner from both TRPs while TRS2 and DMRS port 1 is transmitted from only one TRP. 



            
[bookmark: _Ref54376096]Figure 2‑6: Scheme 2 with non-SFN TRS and non-SFN DMRS
Compared to SFN scheme-1, scheme-2 requires extra DMRS overhead which is not favourable from both gNB and UE side. From network side, it results into resources overhead compared to scheme 1. From UE side, it doubles the complexity of the DM-RS channel estimation and may affect UE processing timeline.
Observation 2: SFN transmission scheme-2 requires double the number of DMRS ports as compared to SFN scheme-1 which results into network resource overhead, increase of UE complexity and timeline.
For SFN scheme 2, there are two possible configuration DMRS ports mapping and configuration. The first option is where the DMRS ports mapped to the same PDSCH layer are transmitted using different CDM groups, which is equivalent that having a separate DMRS CDM group to each TRP. The second scenario, where the DMRS ports mapped to the same PDSCH layer are transmitted using the same CDM group. The latter approach has the same DMRS overhead as compared to scheme 1 when only single PDSCH layer is scheduled as it allows for FDMing PDSCH at the non-used DMRS resources. For the scenario of two layers, scheme 2 has extra DMRS overhead (roughly 12.5%) as compared to scheme-1 which results into lower achieved throughput. The DMRS ports mapping are shown in Figure 2‑7.
          [image: ]                   [image: ]
[bookmark: _Ref54376278][bookmark: _Ref54376268]Figure 2‑7: DMRS port mapping where left picture shows the FDM of PDSCH and DMRS and right picture shows full utilization of DMRS symbols of both CDM groups
The LLS evaluation comparing both SFN schemes are shown below using 2-taps channel model and extended CDL-D channel model. The TRS is assumed distributed: one TRS per each TRP. Figure 2‑8 shows the DL throughput performance comparing SFN schemes 1 and 2 at each track points. The simulation is done using link-adaptation with fixed rank-1 and rank-2 at fixed SNR = 12 dB. Figure 2‑9 shows the performance comparison of both candidate schemes at fixed track location (mid-point) with different SNR values in which different DMRS CDM groups is configured SFN scheme 2. Finally, using the extended CDL-D with 100ns channel model, a comparison using fixed MCS is shown in Figure 2‑10.The simulation parameters are summarized in Table 2 in the appendix.
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[bookmark: _Ref54261896]Figure 2‑8: Rank-1 (left figure) and Rank-2 (right figure) comparing the two candidate SFN schemes at the different track point and SNR = 12 dB                            
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[bookmark: _Ref54264713]Figure 2‑9: Rank-1 (left) and rank-2(right) evaluation results for candidate schemes at mid-point with different SNR
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[bookmark: _Ref54266456]Figure 2‑10: Fixed MCS comparison between SFN schemes using the extended CDL-D channel model at mid-track point
From performance point of view, it is clear from the results that due to the DMRS overhead of SFN scheme 2 with different CMD group, its performance is inferior as compared SFN scheme-1 for both rank-1 and rank-2. Meanwhile, SFN scheme-2 with same DMRS overhead as scheme 1 (DMRS ports are on same CDM group) achieves similar performance to scheme 1, however, this is limited only to rank-1 transmission. 
Observation 3: Scheme 1 outperforms scheme 2 (with different CDM group per TRP) at mid-track point for the different SNR.
Observation 4: Scheme 2 with DMRS ports mapped to different CDM groups suffer from extra DMRS overhead as compared to scheme 1 which results into lower DL throughput. 
Observation 5: Scheme 2 with DMRS ports mapped to same CDM group has same DMRS overhead and achieves same performance as scheme 1 only rank 1.
Based on the evaluation results where SFN scheme 2 does not outperform SFN scheme 1 as well as the drawbacks of SFN scheme-2 of network resource overhead and increase UE complexity, we believe SFN scheme 1 is sufficient and there is no need to support SFN scheme 2. 
Proposal 2: No support of SFN scheme 2 in Rel-17.
Scheme 1 SFN PDSCH
Configuration of SFN scheme 1 (PDSCH)
The UE processing for the enhanced SFN scheme is different from single TRP and the other Rel-16 M-TRP transmission scheme (TDM/FDM and SDM). For the UE to be prepared for the DL reception of the enhanced SNF scheme, an RRC configuration should be introduced. This is similar to Rel-16 RAN4 discussion, where new RRC parameters (highSpeedDemodFlag-r16 and highSpeedMeasFlag-r16) are introduced for legacy SFN scheme for enhanced demodulation processing and enhanced RRM requirements. 
In the RAN1 meeting #104bis-e, it was agreed to identify SFN Scheme 1 (PDSCH) by introducing new RRC parameter in addition to the two TCI states indication. 
	Agreement
Scheme 1 for PDSCH is identified by
· New RRC parameter and the number of TCI states indicated by DCI
· FFS RRC configuration details, e.g., per BWP or per CC
· FFS whether or not restriction to a single CDM group for DM-RS is also supported
Agreement
UE is not expected to be indicated by MAC CE with single TCI state per any of TCI codepoint, if UE is configured with scheme 1 PDSCH by RRC, but not capable to support dynamic switching between scheme 1 and single-TRP by TCI state field in DCI Format 1_1/1_2




The new RRC parameter should be configured per CC and not per BWP. This is important for the UE to guarantee same transmission schemes across the different BWPs of the component carrier. If scheme 1 RRC parameter is configured on the BPW level, then one BWP may be configured for scheme 1 while another BWP may not be configured for scheme 1. In this scenario, a downlink DCI may indicate BWP switching to a different BWP which may or may not configured with scheme 1 RRC parameter. This in turns acts as dynamic switching between scheme 1 and other transmission scheme which is not favoured for UE implementation. Also, In Rel-16, RAN4 introduced the highSpeedDemodFlag as a cell specific parameter of a UE's serving cell in SIB1.


Figure 2‑11: BWP switching between two BWPs where scheme-1 configuration is absent in one BWP.
Observation 6: Dynamic switching between scheme 1 and other transmission schemes may happen if scheme 1 is configured per BWP.
In addition, introducing the RRC parameter on the CC level enable common signalling of identifying scheme-1 for both PDCCH and PDSCH. 
Observation 7: Per-CC RRC parameter of scheme-1 enable common signalling for the identifying scheme-1 for both PDCCH and PDSCH.

Proposal 3: Support per-CC configuration of higher layer parameter for the introduction of SFN scheme 1 (PDSCH).
Another discussion point is the DM-RS restriction to single CDM group. In our views, this is unnecessary restriction as it limits the DL transmission to rank-2 with single DMRS configuration. To achieve higher than rank-2 with double DMRS symbols, this will come with large DMRS overhead as additional DMRS positions are needed for high-speed deployment. Also, the quality of DMRS channel estimation with TD-OCC (i.e., Double DMRS symbols) is degraded in high mobility scenarios.  
Observation 8: Single DM-RS CDM group is unnecessary restriction.
Proposal 4: Restriction to a single CDM group for DM-RS is NOT supported for scheme 1.
Switching between scheme-1 (PDSCH) and other transmission schemes
In the previous RAN1 meetings #104-e and #104b-e, the switching between SFN scheme1 and Rel-16 M-TRP schemes was discussed. It was agreed to support semi-static switching between scheme 1 and TDM/FDM/SDM M-TRP schemes.
	Agreement
For HST-SFN scenario:
· Support semi-static (RRC based) switching of scheme 1 (PDSCH) with 2a, 2b, 3, 4
· FFS all other details including RRC signaling, possible RAN4 impact (if any), etc.

Agreement
Support semi-static (RRC-based) switching of scheme 1 (PDSCH) with Rel-16 scheme 1a
· FFS: Whether dynamic switching is additionally supported

Agreement
· Support dynamic (DCI-based) switching of scheme 1 (PDSCH) with single-TRP scheme by TCI state field in DCI format 1_1/1_2
· This feature is UE optional
· FFS all other details including RRC signalling, possible RAN4 impact (if any), etc.




We fail to see the need to additionally support dynamic switching of scheme-1 with scheme 1a (SDM). These are two different transmission schemes with different use-cases: improved reliability versus increase capacity. In HST environment, there is no evident justification or any use case that necessitates dynamic switching between these two schemes. 
Proposal 5: Dynamic switching of scheme 1 (PDSCH) and Rel-16 schema 1a as additional UE feature is not supported.

QCL assumption between TRS and SSB 
In Rel-15, the TRS should expect a TCI state with QCL type C with an SSB in addition to an optional QCL TypeD with the same SSB or a CSI-RS. For Scheme-1, when the TRSs are transmitted from each TRP, they are associated with the same SSB as QCL reference RS. If SSB is transmitted in SFN manner, then there will be ambiguity as well as QCL violation where the Doppler shift and average delay from the reference RS does not match the one from the TRS. This is clarified in Figure 2‑12.


[bookmark: _Ref71202359]Figure 2‑12: QCL ambiguity with SFN SSB in scheme 1

In some deployment, the RRHs within the same cell may use different sets of SSB indexes (e.g.  RRH-1 uses SSB-0 to SSB-3, RRH-2 uses SSB-4 to SSB-7). Each SSB block is transmitted only from one TRP (or RRH) which means different large scale (Doppler spread/shift and average/spread delay) for each SSB block index. However, from the QCL assumption perspective, it is just one SSB and UE is not aware how the SSB indexes are transmitted across the two TRPs. 



Figure 2‑13: Example of SSB planning across two TRPs

Proposal 6: RAN1 to clarify the QCL assumptions between the TRS/CSI-RS and SSB reference RS for scheme 1.

Scheme 1 SFN PDCCH 
Identification of SFN PDDCH 
Similar to the discussion of SFN PDSCH scheme 1, SFN PDCCH should be semi-static configured such that UE is prepared to perform the proper channel tracking for the reception for the SFN PDCCH. Also, this is needed to differentiate between SFN PDCCH and enhanced non-SFN PDCCH with repetition.  In the last RAN1 meeting #105e, it was agreed to idenfity enhanced SFN PDCCH by means of RRC parameter in addition to two activated TCI states per CORESET. Details of the RRC parameter was FFS.

	Agreement
Enhanced SFN PDCCH transmission scheme (scheme 1 or TRP-based pre-compensation) is identified by the number of TCI states activated per CORESET and RRC parameter
· FFS: Configuration detail of RRC parameter 
· Including whether the same RRC parameter is used for PDCCH and PDSCH




There was a discussion whether the new RRC parameter is introduced per CORESET or per BWP (e.g., on PDCCH-Config) such that SFN PDCCH mode applicable to all CORESETs given the MAC-CE indication of two TCI states for a CORESET or per CC to be applicable to all CORESETs across the different BWPs. In our views, single RRC parameter should be used for the identification of enhanced SFN scheme for both PDCCH and PDSCH. Also, this RRC parameter should be configured per-CC.
Proposal 7: Support same RRC parameter configured per-CC for the indication of schme-1 for both PDCCH and PDSCH. 

MAC-CE activation of two TCI states
In RAN1 meeting #104-e, it was agreed to support enhanced MAC-CE activation command that indicates the two TCI sates for PDCCH. And in RAN1 meeting #104bis-e, it was agreed that MAC-CE to carry contents of the serving cell ID, CORESET ID and the two TCI states IDs. 
	Agreement
· Introduce enhanced MAC CE signaling for PDCCH activating two TCI states for SFN-based PDCCH transmission
· The corresponding MAC CE includes at least the following fields 
· Serving cell ID
· CORESET ID
· Two TCI state IDs
· FFS whether for CA scenario additionally support RRC configured set of the serving cells which can be addressed by a single MAC CE
· FFS whether or not enhanced MAC CE signaling is applicable to a CORESET configured with CORESETPoolindex
· Send LS to RAN2 to inform about agreement on support of enhanced MAC CE for CORESET in Rel-17




It was agreed in the last RAN1 meeting #105-e that the enhanced MAC-CE is not applicable to mDCI framework where CORESETs are configured with different values of CORESETPoolIndex within the BWP.
	Agreement
Enhanced MAC CE signaling is not applicable to any of the configured CORESETs in a BWP if the CORESETs are configured with different CORESETPoolindex values in the BWP.




In Rel.16, a list of serving cells can be updated simultaneously for TCI relation with a MAC CE. Similar design can be introduced in Rel.17 for two TCI states activation of CORESET. This is useful for intra-band CA operation where single MAC-CE can indicate the two TCI state IDs for the CORESETs with the same CROESET ID in the CCs set. 
Proposal 8: For CA scenario, support RRC singalling of a set CCs which can be addressed by a single MAC CE for activation of two TCI states of CORESET with the same CORESET ID for all the BWPs in the indicated CCs set.

In Rel-15, a list of TCI states IDs is RRC configured as part of the CORESET configuration with a maximum of 64 TCI states. A single TCI state is activated through the MAC-CE if the list has more than one TCI state ID.  If only a single TCI state is listed with the “ControlResourceSet” parameter structure and the UE did not receive MAC-CE, then the UE assume QCL between the PDCCH and SSB/CSI-RS reference signal specified by the TCI state. For the scheme-1 SFN PDCCH, the MAC CE activation is needed when the SFN CORESET is RRC configured with more than two TCI states. However, if only two TCI states are RRC configured for the SFN CORESET, there is no need for MAC-CE activation command. 
Observation 9: Rel-17 MAC-CE activation of two TCI states for SFN PDCCH is required only when more than two TCI states are RRC configured in the CORESET. 
Proposal 9: For a CORESET that is RRC-configured with only two TCI states and RRC configured for SFN PDCCH, the UE assumes that the DM-RS antenna port associated with PDCCH receptions in the CORESET are QCLed with the DL RSs in the two TCI states. 
TCI states of PDSCH with absent TCI field
In Rel-15, when TCI field in the DCI scheduling PDSCH is not present and the time offset between the reception of DL DCI and the corresponding PDSCH is equal or larger than the threshold ‘timeDurationForQCL, then TCI state and the corresponding QCL assumption of the PDSCH is determined form the TCI state of the scheduling CORESET. In Rel-16 M-TRP, it was agreed that the tci field is always present in the DCI.  For SFN PDSCH (scheme-1), either Rel-16 rule can be used where TCI filed is always present in the DCI or similar to Rel-15 the SFN PDSCH can follow PDDCH such that the two activated TCI states of the CORESET are assumed for the PDSCH. In our views, similar to Rel-16 M-TPR PDSCH transmission schemes, the TCI field should always be present in the DCI. In other words, the configuration when there is no TCI field in the DCI scheduling PDSCH is not supported
Proposal 10: TCI field should be always present in the DCI for SFN PDSCH scheme 1 with two TCI states.
Default TCI states for SFN PDSCH
	Agreement
If enhanced SFN PDCCH transmission scheme (scheme 1 or TRP -based pre-compensation) is configured and a CORESET is activated with two TCI states and UE is configured with enableTwoDefaultTCI-States and time offset between the reception of the DL DCI and the corresponding PDSCH is less than the threshold timeDurationForQCL, down-select rule to determine default beam(s) for Rel-17 SFN PDSCH reception in RAN1#106-e:
· Alt 1: Reuse rule to determine TCI states as defined for Rel-16 PDSCH scheme-1a
· Alt 2: Introduce new rules to determine TCI states based on two TCI state(s) of the CORESET 




A default TCI is used when the time offset between the reception of the DL DCI and the corresponding PDSCH is less than the threshold ‘timeDurationForQCL’. In Rel-15, the PDSCH may assume the same QCL parameters of the CORESET associated with a monitored search space with the lowest CORESET-ID in the latest slot in which one or more CORESETs within the active BWP of the serving cell are monitored by the UE. In Rel-16 for sDCI M-TPR framework, if a UE is configured with enableTwoDefaultTCI-States, and at least one TCI codepoint indicates two TCI states, the default TCI states is given by the TCI states corresponding to the lowest codepoint among the TCI codepoints containing two different TCI states.
Therefore, for the determination of the default TCI states for SFN PDSCH, there are two alternatives. The first alternative is reusing Rel-16 rule. The second alternative is by following the TCI states of the lowest CORESET ID in the latest slot hast two activate TCI states. In our views, reusing Rel-16 rule should be selected for determination of the default TCI states for SFN PDSCH.
Proposal 11: Support Alt 1 by reusing Rel-16 rule for the determination of the default TCI states of SFN PDSCH (scheme-1) 
Default TCI state for AP CSI-RS
When the scheduling offset between the last symbol of the PDCCH carrying the triggering DCI and the first symbol of the aperiodic CSI-RS resources is less than threshold ‘beamSwitchTiming’, a default beam is used for receiving the aperiodic CSI-RS. The default beam depends on whether there are other DL signals/channels that overlap in time with the same symbols as the CSI-RS. 
For the scenario when there is no overlapping DL signal, and at least one CORESET is configured for the BWP in which the aperiodic CSI-RS is received, when receiving the aperiodic CSI-RS, the UE applies the QCL assumption used for the CORESET associated with a monitored search space with the lowest controlResourceSetId in the latest slot in which one or more CORESETs within the active BWP of the serving cell are monitored. However, if the CORESET with the lowest CORESET ID in the latest slot is activated with two TCI states, then new rule is required to select one of the two TCI states. 
Proposal 12: If a CORESET is indicated with two TCI states (each TCI state containing a reference RS with QCL-TypeD), and scheduling offset for AP CSI-RS is less than the threshold and there is no other overlapping DL signal with indicated TCI state, the UE assumes the first TCI state as the default beam for aperiodic CSI-RS reception. 
PDCCH prioritization rule 
In Rel. 15, UE cannot receive multiped beams (different QCL-TypeD properties) simultaneously in a given serving cell or on multiple serving cells in same frequency band with CA operation. Rel-15 introduced priority rules to determine a CORESET such that PDCCH is monitored only in the CORESET and in any other CORESET that has the same QCL-TypeD properties as the CORESET. The priority is with respect to first CSS versus USS where CSS has higher priority, then CC / serving cell index where lowest index has highest priority, then finally SS set index where lowest index has highest priority.
In the last meeting, a proposal for future meetings discussion was captured in the chairman notes to study new rule for PDCCH monitoring of PDCCH candidate in overlapping monitoring occasions with different QCL-TypeD. The issue is related to extension of Rel-15 QCl-TypeD prioritization rules for PDCCH reception if CORESETs with two TCI states. In that scenario, for a UE capable of receiving two beams simultaneously, a new rule for PDCCH monitoring of PDCCH candidates in overlapping monitoring occasions with different QCL-TypeD should be introduced.
	Proposal for future meeting
· When a CORESET is activated with two TCI states, study new rule for PDCCH monitoring of PDCCH candidates in overlapping monitoring occasion with different QCL-TypeD




An SFN CORESET that is activated with two TCI states will contain different QCL-TypeD properties, each QCL-TypeD is mapped to a receive beam for the reception of the PDCCH from one of the two TRPs. A simple extension rule is to consider only CORESETs with two QCL TypeD properties, and then determine a CORESET based on Rel. 15 priority rule. This means for the determination of the CORESET, all CORESETs with one QCL-TypeD property are excluded. Then, the UE will monitors PDCCH candidates in the determined CORESETs and in any other CORESETs having the same one or both QCL-TypeD properties of the determined CORESET.



[bookmark: _Ref71637617]Figure 2‑14: QCL TypeD prioritization rules PDCCH monitoring in overlapping monitoring occasions.
An example is shown in Figure 2‑14 where CORESET with one QCL TypeD is coloured in blue and CORESET with two QCL TypeD properties are coloured in red. The CORESETs are sorted according to Rel-15 priority rules. In this example, the UE will determine to monitor PDCCH candidates in CORESET2 with QCL TypeD properties x,y and all other CORESET (CORESET1, CORESET5) that have the same QCL-TypeD property as the determined CORESET. 
if a CORESET (e.g., CORESET4 in the example) among the other CORESETs has two QCL-TypeD properties and one of them is different than the QCL-TypeD properties of the determined CORESET, then the UE doesn’t monitor the PDCCH candidates in that CORESET.
Proposal 13: If there is at least one CORESET with two QCL-TypeD properties among the multiple CORESETs, UE considers only CORESETs with two QCL-TypeD properties and determine a CORESET based on Rel. 15 priority rule.
· UE monitors PDCCH in the determined CORESETs and in any other CORESETs having the same one or both QCL-TypeD properties of the determined CORESET
· PDCCH candidates in CORESET(s) that have two QCL-TypeD properties and one of them is different than the QCL-TypeD properties of the determined CORESET(s) are not monitored. 
BFR enhancement
A CORESET with two active TCI states can be configured with two RSs with QCL Type-D. Rel.15 support only single active TCI state CORESET and equivalently single RS with QCL Type-D. For SFN PDDCH where a CORESET is activated with two TCI states, it was agreed in the last meeting #104bis-e to consider and study further enhancement for BFD-RS configurations and hypothetical BLER calculation. 
	Study Proposal for future meeting
· When two TCI states are configured for a CORESET, study the following enhancements to BFR procedures 
· Configuration of RS for BFD 
· Implicit configuration
· Alt 1-1: RS of CORESETs with only single active TCI states are used
· Alt 1-2: RS of CORESETs with both single and two TCI states are used
· Alt 1-3: RS of CORESET(s) with only two TCI states are used
· Explicit configuration
· Alt 2-1 Support defining CSI-RS resource or SSB pairs
· FFS other details
· Alt 2-2 Reuse the existing approach for BFD RS configuration
· Assumptions for hypothetical BLER calculation for PDCCH
· Alt 3-1: RS in the two TCI states or CSI-RS / SSB are directly used as the BFD RS
· Alt 3-2: UE calculates one hypothetical BLER under SFN assumption of BFD RS pairs
· Configuration of NBI RS
· Alt 4-1: Reuse the existing Rel-15 NBI configuration based on single CSI-RS resource
· Alt 4-2: Introduce two new beam identification CSI-RS resource sets or new beam identification CSI-RS resource pairs
· FFS applicability of the BFR enhancements above to 
· Rel-15 BFR
· Rel-16 BFR
· Rel-17 BFR
· FFS UE behavior on monitoring the PDCCH candidate after BFD
· FFS applicability of some enhancements to RLM procedures
· FFS other aspects

Agreement
If enhanced SFN PDCCH transmission scheme (scheme 1 or TRP-based pre-compensation) is configured and two TCI states are activated for at least one CORESET, support the following configuration of RS for BFD
· Down-select one alternative for implicit configuration
· Alt 1-2: RS of CORESETs with both single and two TCI states are used
· Alt 1-3: RS of CORESETs with only two TCI states are used
· Down-select one alternative for explicit configuration
· Alt 2-1: Support defining CSI-RS resource or SSB pairs as BFD RS
· FFS other details
· Alt 2-2: Reuse the existing Rel-15/Rel-16 approach for BFD RS configuration
· Note: down-selection can be done separately for Rel-15/16 cell specific BFR and Rel-17 TRP-specific BFR, Rel-17 TRP-specific BFR to be discussed under AI 8.1.2.3





In our views for BFD-RS when a CORESET is activated with two TCI states, implicit configuration of the BFD-RS should be enhanced. We support Alt 1-3 where the two RSs of the CORESETs with two TCI states are chosen by the UE as BFD-RS. To avoid triggering BFR even if one TRP is still working, it might be good for UE to choose the 2 BFD RSs as the 2 TCIs of the CORESET. Otherwise, UE may choose 2 BFD RSs from the same TRP, which may have higher chance to be blocked simultaneously.
Proposal 14: For implicit configuration of RS for BFD, support Alt 1-3 where the RS of CORESET(s) with only two TCI states are used.
For explicit configuration of BFD-RS, we prefer Alt 2-2 as it may be simpler (also makes more sense) for the gNB to ask UE to measure whatever important BFD RS.

Proposal 15: For explicit configuration of RS for BFD, support Alt 2-2y reusing the existing approach for BFD RS configuration.
For hypothetical BLER calculation, we prefer Alt 3-2 where the UE calculates one hypothetical BLER under SFN assumption of BFD RS pairs. It is up to UE implementation how to calculate PDCCH BLER with an SFN assumption.

Proposal 16: Support Alt 3-2 for one hypothetical BLER calculation under SFN assumption of BFD RS pairs.
For NBI-RS, we support Alt 4-1. In our understanding, if both TCI fails, then the recovery should start from single TRP based on the identified singe new beam. This is based on the assumption of cell-level BFR in Rel.15/16. 
Proposal 17: Support Alt 4-1 for the configuration of NBI-RS by reuse the existing Rel-15 NBI configuration based on single CSI-RS resource.

Finally, the enhancement of BFD should be appliable only to Rel.15/Rel.16 BFD. R17 may define TRP specific BFR, which is most likely applicable for mDCI based mTRP with different CORESETPoolIndex. In our views, the SFNed CORESET shouldn’t be applicable to mDCI M-TRP framework. 

Proposal 18: BFR enhancement is applicable only to Rel.15 and Rel.16 BFR.

Doppler shift pre-compensation
Doppler shift pre-compensation is a network-based solution in which network determines the UE downlink Doppler shift frequency experienced from each RRH (e.g., by using the UE uplink signals) and then compensates DL transmission from each RRH by the corresponding Doppler frequency shift. This mechanism should help improving the DL throughput as theoretically, the received DL signal from each RRH should have the same Doppler shift and small Doppler spread as compared to no compensation scheme.
[bookmark: _Ref61812627]Procedure and indication DL Doppler shift pre-compensation
In RAN1 meeting #103-e, different variants of the TCI/QCL configurations were discussed depending on the network configuration of the TRS and whether the DL transmission is Doppler shift compensated or not. 
	Agreement
When the same DMRS port(s) are associated with two TCI states containing TRS as source reference signal, at least one variant is supported for Rel-17 HST-SFN scenario based on further evaluations
· Variant A: One of the TCI state can be associated with {average delay, delay spread} and another TCI states can be associated with {average delay, delay spread, Doppler shift, Doppler spread} (i.e., QCL-TypeA)
· Variant B: One of the TCI state can be associated with {average delay, delay spread} and another TCI state with {Doppler shift, Doppler spread} (i.e., QCL-TypeB)
· Variant C: One of the TCI state can be associated with {delay spread}  and another TCI states can be associated with {average delay, delay spread, Doppler shift, Doppler spread} (i.e., QCL-TypeA)
· Variant E: Both TCI states can be associated with {average delay, delay spread, Doppler shift, Doppler spread} (i.e., QCL-TypeA)
· FFS: Indication method to apply QCL, e.g., via new QCL-type, or reuse existing QCL-type while UE to ignore certain QCL properties
· Note: Each TCI state in the above variants may be additionally associated with {Spatial Rx parameter} (i.e., QCL-TypeD)
· Note: Companies are encouraged to provide evaluation results for the above variants based on agreed EVM from RAN1#102e meeting
· Note: Above variants are applicable to scheme 1 and/or TRP based pre-compensation as a reference for evaluation.
· This agreement is for the purpose of evaluation and does not imply the support or lack of support of scheme 1 and/or TRP based pre-compensation.



Similar to the discussion in section 2.1.1, there are two main approaches for network-based pre-compensation schemes based on the TRSs configuration. In the first scheme, The TRSs are transmitted in non-transparent manner from both TRPs to the UE (i.e. TRP-specific TRS). The second scheme is a backward compatible enhanced SFN scheme 1 where the first TRS (TRS1) is transmitted in SNF manner from both TRS while TRS2 is transmitted from single TRP. For each scheme, the two TCI states have different QCL configuration for the source TRS reference signal as summarized in the Table below. Based on RAN1-103e agreement of the QCL variant, the first scheme is referred as variant A or C and the second scheme is referred as variant B.
	SFN Transmission Scheme
	TCI state #1
	TCI state#2
	QCL Variant

	BC SFN TRS
	QCL Type B
	New QCL Type = {‘average delay’, ‘delay spread’}
	Variant B

	Distributed TRS
 (TRP specific TRS)
	QCL Type A
	New QCL type = {‘average delay’, ‘delay spread’} 
	Variant A



Figure 3‑1 shows the procedure of Doppler shift pre-compensation framework with the backward compatible (BC) SFN TRS. In this procedure, TRS0 is SFNed TRS transmitted from both TRPs and TRS1 is a non-transparent TRS transmitted from TRP1 which is the primary TRP (UE closer to TRP1 than TRP2). The UE utilizes the single TRP TRS to run the FTL loop and estimate the Doppler shift. Also, the UE changes the center frequency of the UL transmission based on TRS1. This enables the network to pre-compensate the PDSCH from the second TRP (TRP2) by the delta of the frequency shifts observed at both TRPs. Then, the PDSCH reception will be pre-compensated and frequency shift aligned with TRS1. In this case, the network will differentiate between the SFNed TRS and the transparent TRS based on the QCL type. More details are discussed at section 3.3.2. Similar procedure for TRP specific TRS (variant A) is explained in Figure 3‑2.


[bookmark: _Ref54285467]Figure 3‑1 Doppler Shift pre-compensation w/ BC SFN TRS (variant B)

 
[bookmark: _Ref71654840]Figure 3‑2: Doppler Shift pre-compensation w/ TRP-specific TRS(variant A)
[bookmark: _Ref61724522]Accuray of SFN Pre-Compensation Schems
There are multiple factors that affects the accuary of the TRP pre-compensation schems whether Doppler shift is either explicitly indicated by the UE or implicitly measured by the network. For the implicit method based on the UL signal or UL channel, there are three main factors:
1. Frequency estimation errors per each TRP.
2. Doppler decorrelation between the time instance where Doppler shift is estimated by the basestaion to the time insance where the pre-compensated DL signal is transmitted
3. Non-perfect frequency synchronization between the TRPs and the per-TRP carrier frequency offset which is according to RAN4 specs is up to 0.01 or 0.05 ppm for wide range and medium range basestation accordingly.
For the explicit method based on UE reporting, there are also three factors:
1. The quatization error of Doppler shift measurements
2. Doppler decorrelation between the time instance where Doppler shift is estimated by the UE to the time insance where the pre-compensated DL signal is transmitted
3. Non-perfect frequency synchronization between the TRPs and per-TRP carrier frequency offset which is according to RAN4 specs is up to 0.01 or 0.05 ppm for wide range and medium range basestation accordingly.
Therefore, considering these non idealities, we can’t assume perfect pre-compensation and realstic assumptions should be considered for the evaluation of network based pre-compensation schemes. Also, for weak LOS channel, Doppler shift and Doppler spread cannot be decomposed with good accuracy which will impact the accuracy of Doppler shift estimation.
Observation 10: Perfect pre-compensation is a not a realistic assumption due to many factors that affects the accuracy of Doppler shift measurements/estimation or quantization error by reporting, non-prefect frequency synchronization between the TRPs as well as the temporal variation of CFO per TRP.
Evaluation results
Given the earlier discussion on the accuarcy of pre-compensation schemes, we considered in our analysis non-perfect frequency pre-compensation where the pre-compensated PDSCH per each TRP has a frequency error . This frequency error is moded as a random uniform error with betwneen () per each TRP. We evaluated the performance for different values of the freq. error = 0, 150, 250 and 350 Hz. 
Using the CLD-D 100ns extended channel model, we compare the performance beween the variant (A/B) of  SFN scheme-1 with PDSCH pre-compensation. The results are shown in Figure 3‑3. The first figure to the left shows the BC SFN (variant B) and the figure to the shows the results of TRP-specific (variant A) for rank-1. And Figure X shows similar results for rank-2.
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[bookmark: _Ref54367376]Figure 3‑3: Evaluation results for SFN pre-compensation schemes variant A/B for rank-1
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Figure 3‑4: Evaluation results for SFN pre-compensation schemes variant A/B for rank-2
As expected, the performance of both variants of DL pre-compensation schemes are similar given the similarity of the pre-compensation procedure. Also, it is very clear from the results that the performance sensitivity for the frequency error is larger for higher rank and higher MCS. 
Using the same channel propagation model, CLD-D 100ns extended channel model, we then compare the performance  of the tow variant (A/B) of  SFN scheme-1 with PDSCH pre-compensation versus single TRP based on DPS. A per TRP CFO is assmued as a random uniform error with betwneen (). We evaluated the performance for different values of the freq. error = 0, 150, 250 and 350 Hz.
The results are shown in Figure 3‑5 and Figure 3‑6 for SNR = 12 dB and 20 dB equivantelyFigure 3‑3. For CFO in the range of 0Hz to 150 Hz and SNR = 12 dB, we observe gain of TRP pre-compensation compared to DPS. However for higher range of CFO, the gain vanishes.  For 20 dB SNR, there is no gain observed for TRP pre-compensation at CFO larger than 150 Hz.
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[bookmark: _Ref68533644]Figure 3‑5 DPS vs variant A/B of TRP-pre-compensation at SNR = 12 dB
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[bookmark: _Ref68533986]Figure 3‑6: DPS vs variant A/B of TRP-pre-compensation at SNR = 20 dB
Observation 11: Pre-compensation SFN schemes with QCL variant B (BC-SFN) and variant A (TRP-specific TRS) have similar results. 
Observation 12: The accuracy of pre-compensation impacts the performance at higher SNR, larger MCS and higher rank.
Signalling and configuration aspects
In RAN1 meeting #104bis-e, TRP pre-compensation scheme was intensively discussed and finally it was agreed to support by specification TRP Doppler pre-compensation in Rel-17. Regarding the indication of the Doppler shift the two-mechanism based on implicit gNB estimation from UL RS or explicit reporting by the UE based on DL RS were captured in the agreement. It is up for discussion in the future meetings whether to support both or one mechanism.  
	Agreement
Specification-based TRP Doppler pre-compensation scheme is supported in Rel-17 for FR1 with one or both:
· UL RS based Doppler estimation by gNB 
· FFS: Details including UL RS enhancement 
· DL RS based Doppler feedback by UE 
· FFS: Details 
· FFS: Whether UE capability needs to be introduced 
Whether to support one or both will be decided later



QCL assumptions for the DM-RS
From UE processing, variant A requires extra overhead where UE requires to time process TRS1 and TRS2 and then combine both channels to obtain the overall delay spread and average delay of the SFN channel as shown in Figure 3‑8. However, variant B, UE needs to process TRS0 which has the combined Channel across both TRPs over the air. This is explained in Figure 3‑7.


[bookmark: _Ref68540895]Figure 3‑7: TRP Pre-compensation scheme with variant B



[bookmark: _Ref68540850][bookmark: _Ref68540845]Figure 3‑8: TRP Pre-compensation scheme with variant A
A summary between both schemes comparing different aspects included performance, UE complexity, backward compatibility and TRS overhead is presented in Table 1.
[bookmark: _Ref61723976]Table 1: Comparison summary between QCL variant A and variant B
	
	Variant B
	Variant A

	Performance
	Similar

	UE complexity
	Lower
	Higher

	Backward Compatibility
	Yes
	No

	TRS overhead
	Similar +


+ variant A may require extra TRS overhead to support Rel-15/16 UE with legacy SFN scheme.
In the last RAN1 meeting #105-e, a working assumption was made where variant A is supported for TRP-based pre-compensation. In our views, variant B should be additionally supported to enable both backward compatible scheme and reduce UE complexity. 
	Working Assumption
For TRP-based pre-compensation, Variant A (based on RAN1#103-e meeting agreement) are supported as QCL types/assumption, when the same DMRS port(s) are associated with two TCI states.
· FFS: Additional support of Variant B




Proposal 19: Confirm the working assumption with additional support of variant B. For TRP-based pre-compensation, Variant A (based on RAN1#103-e meeting agreement) are supported as QCL types/assumption, when the same DMRS port(s) are associated with two TCI states.
·  Variant B is additionally supported.
	Agreement
· For TRP-based pre-compensation QCL assumptions is provided to the UE by using the existing QCL type(s) with certain QCL parameters dropped from the indicted QCL type 
· FFS rule or signalling to determine which TCI state with dropped QCL parameters
· UE does not expect to be configured different SFN schemes (scheme 1 or TRP pre-compensation) for both PDCCH and PDSCH. 
· FFS whether this restriction is per UE or per CC
· UE does not expect to be configured different SFN schemes (scheme 1 or TRP pre-compensation) for different CORESETs. 
· FFS whether this restriction is per UE or per CC




For both variant A and variant B, one of the TCI states has QCL properties of {average delay, delay spread}. It was agreed in the last meeting not to introduce new QCL type, however, it was agreed to leverage existing QCL types where network should indicate to the UE to ignore some of QCL parameters for one the TCI state. A simple rule should be introduced to determine which TCI with dropped QCL parameters. In our views, a simple rule based on first or second TCI state should be adopted. 
Proposal 20: For TRP-based pre-compensation, UE may ignore QCL properties of {Doppler shift, Doppler spread} of the first TCI state.
Proposal 21: The restriction of configuration of different SFN schemes for PDCCH and PDSCH or between different CORESET is per-UE.
Configuration of TRP pre-compensation scheme
Based on UE capability reporting, some UE chipsets may not support the enhanced SFN scheme 1. Therefore, there is need to identify the two schemes differently. In addition, the UE demod processing is different between scheme-1 and TPR pre-compensation. Therefore, we believe the switching between scheme 1 and TRP pre-compensation should be semi-static.
In the last meeting, using the same design methodology for identification of scheme 1 and switching to other schemes, it was agreed that TRP-based pre-compensation scheme is semi-static switchable to Rel-17 scheme 1 and Rel-16 TDM, FDM and SDM schemes.
	Agreement
For specification based TRP-based frequency offset pre-compensation scheme
· Support dynamic (DCI -based) switching with single-TRP scheme by TCI state field in DCI format 1_1/1_2 
· This feature is UE optional
· UE is not expected to be indicated by MAC CE with single TCI state per any of TCI codepoint , if UE is configured with TRP-based frequency PDSCH by RRC , but not capable to support dynamic switching between TRP-based frequency and single-TRP by TCI state field in DCI Format 1_1/1_2
· Support semi-static (RRC based) switching with Rel-16 schemes 1a, 2a, 2b, 3, 4
· Support semi-static (RRC based) switching with Rel-17 scheme 1 (PDSCH)




[bookmark: _Ref47528681]Indication of Doppler shift per-TRP
To enable Doppler shift pre-compensation, the two (or more) TRPs needs to estimate from the UE UL RS transmission the DL doppler shifts experienced by the UE from each TRP. The other approach is based on UE explicit reporting of the Doppler shift as part of the CSI reporting to the gNB. The current framework of CSI report triggering, and transmission can be utilized with an added report quantity of Doppler shift that the UE can estimate from the transparent DL TRS or SSB. Both approaches have their pros and cons.
The first option which is based on estimation of the Doppler shift from the UL signal (e.g. SRS) will incur frequency estimation errors which will affect the quality of pre-compensation. The 2nd approach will have frequency error based on UE estimation and quantization. Also, to allow gNP proper tracking of the Doppler shift, it comes at the cost of resource overhead where frequent UL signal should be transmitted with small periodicity (e.g. 5 ms). Similarly, the second approach will require frequent reporting. 
Observation 13: Both indication options of Doppler shift are impacted by some estimation and/or quantization errors. 
· Implicit indication based on UL signal/channel is preferred from UE perspective.
· SRS enhancement is required to enable more accurate Doppler estimation.
From UE perspective, implicit indication of Doppler shift is the preferred option. However, to improve the accuracy of estimation, some SRS configuration enhancement is required. A detailed discussion of the proposed enhancements is explained at section 4. Also, if Doppler shift reporting based on DL RS is supported, it must be an optional UE feature. From UE perspectives, Doppler shift reporting comes at the cost of increase UE complexity and timeline considerations.
Proposal 22: Support implicit indication of Doppler shift based on UL RS. 
· Support SRS enhancement to enable more accurate Doppler estimation.
· Doppler shift reporting based on DL RS is supported only as an optional UE feature.

QCL between RSs with Doppler shift pre-compensation
One of the advantages of gNB Doppler shift pre-compensation is the reduction of the overall Doppler spread and also the almost symmetric profile of the Doppler spectrum as shown in Figure 3‑9. This helps with improving the orthogonality between the subcarrier and reduces the ICI. Also, it improves the quality of the channel estimation. In some implementation with non-ideal backhaul between the two TRPs, differential Doppler pre-compensation as explained in section 3.1 is not possible. Then, each TRP should do pre-compensation independently. In this scenario, each TRP should do the Doppler shift pre-compensation separately. To keep the same QCL relationship between the TRS and the DMRS reference signals, the gNB may also Doppler shift pre-compensate the RS source (i.e. TRS). 


[bookmark: _Ref47691052][bookmark: _Ref47721438]Figure 3‑9: Doppler spectrum with gNB Doppler shift pre-compensation
There are two issues with TRS pre-compensation. The first one is TRS overhead as two sets of TRS are needed. One set is pre-compensated and associated to DMRS, and the others is not. The UE needs non-compensated TRS to estimate the Doppler shift. The other issue, the pre-compensation breaks the Doppler shift QCL relationship between Doppler shift pre-compensated TRS and SSB. A similar scenario could happen between the DM-RS and CSI-RS/TRS if the NW only pre-compensated the PDSCH while keeping the CSI-RS/TRS uncompensated. 
Observation 14: Doppler shift pre-compensation may create TRS overhead as two sets of TRS may be needed; one set with Doppler shift pre-compensation and another one without compensation
Observation 15: QCL violation may happen with Doppler shift pre-compensation framework where target and source RSs may not have the same Doppler shift.
A new QCL type can be introduced which has loose QCL Doppler shift/spread relationship between the source and the target RSs. The source RS and the reference RS may not have the same Doppler shift/spread. Given the procedure explained by Figure 3‑1, the SFNed TRS should have a new QCL type (e.g. Type-E) to indicate to the UE that the Doppler shift/spread is not exactly the same as the PDSCH. The Doppler spectrum of the SFNed TRS and PDSCH have some common part of the spectrum (around fd1), that is why the UE should use the Doppler shift based on the transparent TRS1 which has QCL Type A.
Proposal 23: Introduce new QCL type-E with loose Doppler shift relationship between the target and source RS.
 QCL relationship between UL and DL signals
Network may trigger UL signal or schedule UL channel targeting different TRPs. Therefore, the UL transmission may use different UL beam based on the associated QCL Type-D of the associated source RS (e.g. TRS or SSB). On top of this, for the framework of Doppler shift pre-compensation where the gNB estimate the Doppler shift from the UL signal or channel, the UE should know which DL TRS and the corresponding Doppler shift to use for the UL signal/channel modulation of the centre frequency. This can be achieved by defining specific QCL type for one of the DL TRS such that UE can leverage the Doppler shift obtained from that TRS for the UL signal transmission.
There will be discussion of the unified TCI framework under the beam enhancement work item. Based on the outcome of the discussion, the framework for determining multiple QCL assumptions and the associated QCL types can be further discussed for HST enhancement. 
Observation 16: The UL signal/channel with multiple QCL RS sources is beneficial for selecting UL beam targeting specific TRP. Further discussion based on the outcome of the unified TCI framework in agenda item 8.1.
Observation 17: For multiple DL TRSs, the UE and gNB should have a common understanding on which TRS and the corresponding Doppler the UE should use for the modulation the centre frequency of the UL signal. 
Proposal 24: A specific QCL type for the source TRS should be used as an indication to the UE for the Doppler shift for modulating the UL signal.
[bookmark: _Ref71649473]Doppler estimation in UL 
Knowledge of Doppler characteristics (Doppler shift and Doppler spread) for both DL and UL channel is important for several components and algorithms of a cellular network to allow an efficient link maintenance (for example for Doppler shift pre-compensation for HST SFN scenario, DMRS adaptation, link adaptation, frequency tracking, beam management and others). 
In RAN1#104-e-bis meeting it was agreed to support TRP Doppler shift pre-compensation in Rel17 for FR1 based on implicit Doppler shift indication by a UE that can be estimated by gNB based on UL RS or based on explicit Doppler shift reporting per TRP by a UE based on estimations in DL. 
	Agreement
Specification-based TRP Doppler pre-compensation scheme is supported in Rel-17 for FR1 with one or both:
· UL RS based Doppler estimation by gNB 
· FFS: Details including UL RS enhancement 
· DL RS based Doppler feedback by UE 
· FFS: Details 
· FFS: Whether UE capability needs to be introduced 
· Whether to support one or both will be decided later



As was explained in section 3, different Doppler shift indication approaches (explicit or implicit) have different issues that limit the accuracy of a possible Doppler pre-compensation. However, implicit Doppler shift indication/signaling approach is the preferred one from UE perspective. 
As was shown in subsection 3.3, a high SNR or MCS regime for a pre-compensated DL transmission is sensitive to the pre-compensation accuracy (especially if a higher rank is used). Correspondingly, an ability to maintain a reasonably  accurate Doppler shift knowledge per TRP on gNB side is important for HST SFN scenario. 
Doppler shift/FO estimation can be done based on differential phase measurement between two chunks of time domain samples or between two coherent OFDM symbols in case that they are available for the estimation. Similarly, Doppler spread or channel time correlation measurement can be done based on a cross correlation measurement between two OFDM symbols carrying coherent RS REs. All the Doppler related estimations in DL can be done based on TRS signal. However, UL channel currently does not have any TRS equivalent and Doppler tracking ability in UL is limited and should be enhanced. 
Assuming implicit Doppler shift indication option with differential Doppler shift measurement in UL between different TRPs for a more robust pre-compensation, and minding QCL related assumptions and limitations, SRS is the only convenient UL RS type that can be used as a basis for differential Doppler shift measurements based on its transmission simultaneously to both TRPs.
Putting aside, QCL related limitations for UL RS to be used for implicit Doppler shift indication, Doppler shift estimation in UL for each one of the TRPs separately can be based also on UL DMRS/PTRS in general, but these options are valid only once PUSCH allocation is scheduled and are also limited and not flexible enough (because of DMRS/PTRS TD/FD patterns and allocation BW) in order to allow a robust and sufficiently accurate Doppler shift estimation in different scenarios minding max Doppler shift range, SNR variations, channel frequency selectiveness characteristics and other factors like some deployment parameters (SCS, carrier frequency) as will be shown further.
Assuming SRS as a basis for Doppler shift estimation in UL, typically there are no repetitive and coherent intra slot or inter slot SRS symbols that share the same antenna port, same QCL, same REs and can be used for Doppler shift estimation. However, given a comb structure of SRS mapping in frequency domain, even a single SRS symbol is convenient in general for time domain based Doppler estimation but this measurement allows only a relatively very poor accuracy as will be shown in the next section. 
Enhanced SRS waveform for Doppler estimation in UL 
Evaluation results showing Doppler shift estimation accuracy (in terms of estimation error std) that are obtained with a TD based estimation using a single SRS symbol are provided on figure 5-1 as a function of SNR per RE. Estimation accuracy evaluation is tested through introduction of the intentional FO on the transmitter side to have a known reference for estimation error statistics derivation on the receiver side.  Different curves represent a different assumed SRS BW. 
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Figure 5‑1 TD based Doppler shift/FO estimation accuracy (single SRS symbol, LOS channel, Doppler shift/FO=1000Hz) 
The evaluated results provide a pessimistic bound of the achievable accuracy since assume 1T1R configuration and are addressed mostly for a relative comparison of different options. However, even with this disclaimer, it can be seen, that TD based estimation allows a very poor estimation accuracy for low/mid SNR and for NB allocation in general. 
FD based estimation results where 2 non-consecutive SRS symbols are assumed with a different time gap selection between them are provided on figure 5-2 for the same scenario for relative comparison. 
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Figure 5‑2 FD based Doppler shift/FO estimation accuracy (2 non consecutive SRS symbols, LOS channel, Doppler shift/FO=1000Hz) 
Using 2 SRS symbols allows to introduce an FD based estimation with a higher time gap for differential phase observation compared to a TD based estimation and, correspondingly, a much better estimation accuracy can be achieved. Increasing the time gap between 2 SRS symbols from 2 to 8 OFDM symbols time allows to reduce the estimator variance/std even further (higher the time gap, lower the variance). 
Even the lowest tested SRS BW (10RBs) in case of 2 SRS symbols assumption allows to get much better accuracy compared to a single SRS symbol based estimator with the max tested BW (100RBs). If the same number of resources is assumed (on a single symbol or on two symbols together), then even with the lowest tested time gap for FD based approach (2 symbols gap) we get around 4 times lower std than with TD based approach (single SRS symbol). Given that allocation BW and the corresponding transmission power are exchangeable characteristics in case of a flat channel, the same observation can be done in terms of SRS transmission power. Using NB SRS allocation with a fixed transmission power allows to avoid a negative SNR per RE on SRS for a wider range of scenarios (better SRS coverage).
Observation 18: FD based Doppler shift estimation using 2 non consecutive SRS symbols allows much more accurate estimation compared to a TD based estimation with a single SRS symbol while the same number of resources is assumed for both cases or alternatively the same equivalent SRS transmission power is assumed. 
Observation 19: Accuracy of FD based Doppler shift estimation using 2 non-consecutive SRS symbols is improving as the time gap between the two SRS symbols is increasing. 
Maximum time gap that can be used between two SRS symbols in case of LOS channel (or near LOS channel) is limited by the highest Doppler shift/FO to be estimated minding that estimation ambiguity should be avoided (). The maximum Doppler shift that may be relevant for one of the TRPs, while SRS with implicit Doppler shift indication is employed, will be obtained for UE residing at the mid track location and moving with a maximum speed of 500 km/h. Assuming SRS QCLed with one of the TRSs (corresponding to one of the TRPs) that is received simultaneously by both TRPs, the maximum Doppler shift that may be observed by one of the TRPs will be ~3000Hz assuming fc=3.5Ghz. In this extreme case, the maximum time gap between 2 SRS symbols should be limited to 4 symbols time to avoid estimation ambiguity. For low/negative SNR scenario, an additional back off from this maximum time gap may be taken for robustness. FD based estimation results obtained assuming 2 SRS symbols with time gap of 4 symbols time are provided on figure 5-3 for scenarios where FO=3000Hz is introduced. 
Additional improvement in the Doppler shift estimation accuracy for this scenario can be achieved in case that 3 SRS symbols with a different time gap between them are assumed and a more advanced 2 step FO estimation algorithm that allows to overcome the ambiguity issue is used. With a coarse estimation at the first step that can be based on a smaller time gap (is resilient to phase ambiguity), a higher time gap of 8 symbols time can be used for the second estimation step that will allow to obtain a more accurate estimation for this scenario as well (same accuracy as for FO=1000Hz from the previous scenario). Estimation results associated with 3 SRS symbols assumption are also provided on figure 5-3. Single SRS symbol based (TD) results for several BW options are provided on the same plot for comparison.
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Figure 5‑3 FD and TD based Doppler shift/FO estimation accuracy (1 or 2 or 3 non consecutive SRS symbols, LOS channel, Doppler shift/FO=3000Hz) 
From the results on figure 5-3, it can be observed that Doppler shift estimation accuracy in case of 2 or 3 SRS symbols with a NB SRS allocation (10 or 20 RBs) significantly overperforms a single SRS based estimation with a WB SRS allocation (100 RBs) that requires a higher overall number of resources or a higher SRS transmission power equivalently. Usage of 3 non consecutive SRS symbols with a more advanced Doppler shift/FO estimation algorithm allows a significant estimation accuracy enhancement especially in case of a low SNR/power limited regime and is robust to an extreme Doppler shift values range. Other variant of 2 step estimation algorithm where the coarse estimation is done using a single SRS symbol (TD based estimation) and the second estimation step is based on two SRS symbols (FD based estimation) can be also suggested (overall assumes 2 SRS symbols), but the time gap between SRS symbols in this case may be limited by a poor coarse step estimation accuracy such that overall estimation performance will be degraded compared to 3 SRS symbols scenario. 
Observation 20: A more advanced Doppler shift/FO estimation algorithm that assumes a 3 non consecutive SRS symbols allows a significant estimation accuracy enhancement especially in case of a low SNR/power limited regime and is robust to an extreme Doppler shift values range. 
FD based estimation approach can be improved for some extend for low SNR if comb-8 pattern is used for SRS. Comparison of different comb options for SRS with a 2 SRS symbols assumption and FD based estimation is provided below for FO=3000 scenario.
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Figure 5‑4 Different comb options for SRS (2 non-consecutive SRS symbols, LOS channel, Doppler shift/FO=3000Hz) 
As can be seen from figure 5-4, comb-8 option gives a higher resilience for low SNR because of extra boosting on the occupied by SRS REs. 
In general, FD based estimation also allows a lower complexity compared to TD based estimation and especially once NB SRS allocation is used and FD multiplexing of different UEs is assumed. Comb-8 SRS mapping will allow even a more reduced complexity of FD based estimation. Given a high possible Doppler shift value, several UEs multiplexing with SRS transmission on a different comb offsets on the same OFDM symbol may introduce significant ICI leakages between different UEs.  To reduce the ICI related floor in this scenario, comb-8 mapping option with a limited number of the used comb offsets (that are mutually spaced) for multiplexing of different UEs can be suggested. This approach should be beneficial in terms of overall SRS overhead reduction in UL in context of Doppler related estimations.  
Observation 21: Comb-8 mapping option for SRS that is used for implicit Doppler shift indication in UL allows to improve FD based estimation accuracy for low SNR regime. 
Observation 22: Comb-8 mapping option for SRS that is used for implicit Doppler shift indication in UL may allow a better resiliency to mutual ICI leakage between SRS transmissions allocated on the same OFDM symbol and the same range of RBs and associated with a different multiplexed UEs. 
Some of the results provided before for AWGN channel are repeated on figures 5-5,5-6 also for CDL-B channel as a representative of a non LOS scenario or a scenario with a relative weak LOS component that may be relevant in case of UE residing inside the train as opposed to a train mounted UE. 
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Figure 5‑5 FD based Doppler shift/FO estimation accuracy (2 non consecutive SRS symbols, NLOS channel, Doppler shift/FO=1000Hz) 
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Figure 5‑6 FD and TD based Doppler shift/FO estimation accuracy (1 or 2 or 3 non consecutive SRS symbols, NLOS channel, Doppler shift/FO=3000Hz) 
It can be seen that frequency selectiveness of the channel degrades FO/Doppler shift estimation accuracy that can be achieved for both FD based and TD based estimation approaches. However, it can be observed that FD based estimation that assumes several non consecutive SRS symbols preserves its significant relative advantage compared to a single SRS symbol based estimation. Additionally, given a sufficiently high SNR, a relatively NB SRS allocation can still be used in case of frequency selective channel allowing to achieve a reasonable estimation accuracy. More accurate and robust FO estimation results may be achieved in case of CDL-B channel with a different and lower time gaps between SRS symbols compared to LOS/AWGN channel (meaning that optimal TD pattern for SRS depends also on the channel type among other factors). 
Observation 23: NB SRS allocation for Doppler shift/FO estimation based on a non-consecutive SRS symbols allows to achieve a reasonable estimation accuracy for sufficiently high SNR (including frequency selective channels).  
In a real scenario with a NLOS/weak LOS component/frequency selective channel and a high speed of UE movement (not just a synthetic FO addition as was used in our evaluations), a non-negligible Doppler spread may exist and may limit channel time coherency. Correspondingly, in these scenarios, it may be beneficial to estimate Doppler shift based on a relatively smaller time gap between two SRS symbols in order to a better decorrelate Doppler shift estimation from the time coherency decay due to a Doppler spread. 
For scenarios where meaningful Doppler spread exists in the channel, it will be beneficial for gNB to track this Doppler characteristic (or channel time correlation equivalently) to assist in UL DMRS adaptation, PUSCH channel estimation and link adaptation. The ability to differentiate between a Doppler shift and a Doppler spread characteristics depends on the channel type in general and requires obtaining cross correlation measurements for at least two different time gaps between the SRS symbols (one time gap for Doppler shift estimation and the second time gap for channel Doppler spread/time correlation estimation after Doppler shift removal). Availability of 3 non-consecutive and coherent SRS symbols with properly selected time gaps between them can allow more accurate and reliable estimation for both Doppler shift and Doppler spread characteristics for relevant scenarios. 
Observation 24: Different spacing between 2 SRS symbols would be required for reliable Doppler shift and Doppler spread measurements.
Based on the provided simulation results and some additional mentioned considerations, the following observation can be done:
Observation 25: Two or more non-consecutive SRS symbols with adaptively selected time gaps between them can allow to optimize Doppler shift estimation accuracy for different scenarios depending on UE speed, UE location on the track, SNR, channel type/characteristics, deployment parameters and other factors. 
Current Rel-16 spec enables up to 4 SRS resource/port repetitions on 4 consecutive SRS symbols and allows only too small-time gap between two SRS symbols that cannot allow to achieve an optimized Doppler estimation accuracy for different scenarios. In addition, even if the allowed number of SRS resource/port repetitions will be increased, usage of a TD pattern that has multiple consecutive SRS symbols for Doppler parameters estimation will be not efficient and will increase SRS overhead (some of the repetitions will not be required/unable to improve estimation accuracy and will just waste UL resources and some portion of UE power).
Addressing a two-symbol combination of SRS resources from different SFs is also a very limited and not convenient option since coherency between different slots is likely to be disrupted and also the obtained time gaps between SRS symbols may be too high and not appropriate for reliable Doppler estimation in most of the scenarios. 
Based on all the provided considerations, to allow a more accurate and robust Doppler estimation in UL for a variety of different possible scenarios without an excessive SRS overhead, we suggest introducing a new option of SRS waveform/TD pattern for Doppler tracking purposes, which will allow allocation of at least two none-consecutive intra slot SRS symbols carrying an identical signal with a configurable time gap between SRS symbol locations. 


Proposal 25: Introduce new SRS pattern for UL Doppler estimation purpose, comprised of at least two intra slot non-consecutive SRS symbol repetitions with a configurable time gap between the SRS symbols.
Proposal 26: Introduce new usage type for SRS resource set that will be associated with Doppler tracking purpose. The new SRS pattern will be supported under the new SRS resource set usage type. 
Proposal 27: Implicit Doppler shift indication for HST SFN scenario will be based on SRS resource(s) defined under SRS resource set with the new usage type (Doppler tracking).
Proposal 28: Consider an option of dynamic reconfiguration of several parameters of the new SRS pattern including at least time gap(s) between SRS repetitions to support a dynamic Doppler tracking SRS pattern adaptation for different scenarios. 
For proper Doppler estimation, the transmitted signal properties should be maintained during all the non-consecutive SRS symbol repetitions, i.e., same antenna port, same QCL, same resources, same UL power and transmission phase continuity should be maintained. 
Observation 26: UE transmission phase continuity might be influenced by UL-DL switching and by UL power or carrier frequency modification between non-consecutive SRS symbols. 
Proposal 29: SRS allocation for a UE for Doppler measurements including the time gap between intra slot SRS repetitions should not be time or intra-band frequency multiplexed with any UL or DL channel for the addressed UE.
Adaptive PDSCH DMRS configuration 
Current specification assumes usage of fixed pilot patterns which are defined by DMRS parameters that are RRC configured per UE. Any change in DMRS configuration parameters can be done only through RRC reconfiguration. RRC reconfiguration is a non-synchronous process that also typically involves a high latency till reconfiguration process is over. During the reconfiguration period there is an uncertainty on the NW side regarding the configuration that is currently used by a UE. For this reason, there is no practical way to convey RRC reconfiguration (DMRS adaptation) “on the fly” without introducing some link interruption.
Channel estimation accuracy depends on the level of correlation of the channel in time and frequency, working SNR point of a UE and on the used for chest 2D pilot grid option. Channel parameters and SNR conditions are different for different UEs and are also varying in time. Different channel and SNR conditions require different pilot configuration option to maximize spectral efficiency of a link per UE. Hence, using a fixed pilot configuration in the NW requires to trade off in advance between average pilots overhead and UEs performance. As a result, in some cases extra resources are wasted for unnecessary pilots while in other cases UE performance is floored because of non-appropriate pilot configuration. 

On contrary, Adaptive DMRS approach will allow to dynamically follow an optimal tradeoff between an improved channel estimation ability versus reduced DMRS overhead (can be translated into increased redundancy of the channel code for a better reliability or to an increased TPUT/TB size alternatively). 
Using adaptive DMRS configuration per UE per slot (or some number of slots) to keep it aligned with a varying channel (Doppler and delay spread) and UE reception conditions (SNR) can provide a significant link performance improvement for both DL and UL. DMRS configuration adaptation can improve both coverage and rate over range characteristics in the network and UE mobility.
Adaptive DMRS in HST scenario
HST scenario brings with it an extremely high mobility with extreme range of applicable Doppler shifts and Doppler spread characteristics of the channel.  This in turn results in a critical need to use a convenient DMRS pattern in order to allow a reliable and efficient link. Correspondingly, the potential link efficiency improvement that can be achieved with DMRS adaptation is especially high for HST scenario (for both DL and UL). 
HST SFN type of deployment involves multi TRP transmission in DL. Multi TRP transmission per layer or DMRS port results in even a higher delay spreads and Doppler spreads for the equivalent channel that degrade channel time and frequency coherency characteristics. Doppler pre-compensation for at least one of the TRPs is suggested as one of the possible approaches to mitigate the issue of Doppler spread deterioration for HST SFN scenario. 
Assuming Doppler-shift pre-compensation is applied by the network, the resulting equivalent SFN channel will be ideally translated to a single TRP channel equivalent (that may still gain from DMRS adaptation depending on the channel modeling assumptions). Pre-compensation accuracy and tracking ability as well as its applicability limitations are yet to be studied. Non pre-compensated HST SFN scenario with an enhanced SFN scheme 1 will be associated with a multi TRP channel (SFN channel type) with a reduced time and frequency coherency per DMRS port. A non pre-compensated HST SFN channel and a pre-compensated HST SFN channel cases are eventually considered as a two different scenarios for DMRS adaptation and each one of them will be associated with a different most convenient DMRS configuration option for the same use case geometry and the same channel and reception conditions characteristics. Dynamic switching between pre-compensated HST SFN transmission mode and non pre-compensated HST SFN transmission mode is assumed to be applicable for HST SFN scenario and correspondingly a dynamic switching of the appropriate DMRS configurations should be also involved for improved link performance. 
In addition to an option of a dynamic usage of Doppler shift pre-compensation in HST SFN scenario, there are also additional transmission modes like multi TRP SDM mode of  Rel16 or dynamic point switching (DPS) with a single TCI/TRP transmission (depending on UE location) that may be dynamically used in HST SFN  scenario. Backward compatible enhanced SFN scheme 1 and scheme 2 that rely on a transparent HST SFN transmission mode of Rel15 for at least some portion of DMRS ports is an additional transmission mode candidate that is expected to be required to support a legacy Rel15 UEs. Different transmission modes will be associated with a different channel types that can be classified into a two channel type categories: a single TRP channel or its equivalent and  a multi TRP (SFN) channel type. As will be shown in the next subsection, these two different channel type categories will require a different DMRS configuration for link performance optimization.
DMRS adaptation in DL may be suggested to be done with a UE assistance. The most convenient DMRS configuration option can be determined by a UE targeting maximization of the link efficiency for a given estimated channel and SNR characteristics (for example: doppler spread, doppler shift, delay spread, SNR) and reported to the NW as a part of or coupled to CSF reporting and evaluation. DMRS indication can be provided for a specific (or per) HST-SFN transmission mode option. In some cases, DMRS indication may be provided by a UE per TRP. 
Evaluation results
HST SFN scheme 1 scenario with and without Doppler shift pre-compensation can be considered as a representative case for two channel type categories from a channel estimation perspective that were mentioned before (a single TRP channel equivalent and a multi TRP (SFN) channel type per DMRS port). HST SFN scheme1 with and without Doppler shift  pre-compensation is addressed for results evaluations that are provided below.. Comparative throughput results for  different DMRS options and with the extended CDL-D channel model assumption are provided below for different UE speed options for HST SFN scheme 1 with and without Doppler shift pre-compensation.. The results are provided for the mid track point (D1=350m). An ideal Doppler shift pre-compensation is used for the pre-compensated scenario.
Upper bound for performance gain that can be achieved with DMRS adaptation for the mentioned above scenarios is shown using a relative comparison of a maximal achievable TPUT with different tested DMRS configurations per addressed scenario. The addressed DMRS configurations are based on configuration type 1 with 1 front loaded DMRS symbols plus a different number of additional DMRS symbols. Please note that the throughput per each SNR point is normalized by the max throughput achievable with the best DMRS option among the tested options. 
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Figure 5‑1 Performance of different DMRS configurations at 200 kmh (HST SFN scenario with Doppler shift pre-compensation)
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Figure 5‑2 Performance of different DMRS configurations at 350 kmh (HST SFN scenario with Doppler shift pre-compensation)
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Figure 5‑3 Performance of different DMRS configurations at 500 kmh (HST SFN scenario with Doppler shift pre-compensation)
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Figure 5‑4 Performance of different DMRS configurations at 3 kmh (HST SFN scenario without Doppler shift pre-compensation)
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Figure 5‑5 Performance of different DMRS configurations at 60 kmh (HST SFN scenario without Doppler shift pre-
compensation)
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Figure 5‑6 Performance of different DMRS configurations at 200 kmh (HST SFN scenario without Doppler shift pre-compensation)
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Figure 5‑7 Performance of different DMRS configurations at 350 kmh (HST SFN scenario without Doppler shift pre-compensation)
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Figure 5‑8 Performance of different DMRS configurations at 500 kmh (HST SFN scenario without Doppler shift pre-compensation)
(*) - Jitter of the curves is related to the simulated SNR and MCS resolution and is also a result of a slow MCS change as a function of SNR for some of the scenarios without Doppler shift pre-compensation. Absolute TPUT curves are provided for the last scenario to show this behavior.  
(**) Ideal rank and MCS adaptation per SNR point per DMRS option (RI=1,2 is addressed), random precoding per TRP is used
It can be seen that, for different scenarios and SNR ranges, a different DMRS configuration option (color) hits 100% of the max relative TPUT (becomes to be the best option among the 4 tested options). Relative degradations of different DMRS configuration options for every SNR point can be also observed. This clearly shows a significant value in DMRS adaptation.
In addition, it can be observed that for scenarios where Doppler shift pre-compensation is  employed (single TRP CDL channel equivalent with LOS is obtained), typically only 1 DMRS symbol would be the most appropriate choice for any UE speed scenario.  For scenarios without Doppler shift pre-compensation ( multi TRP/SFN channel), a higher number of DMRS symbols would be required (typically 3) depending on UE speed assumption. 
Observation 27: The best DMRS configuration pattern depends on different channel characteristics including Doppler (coupled to a UE speed) and SNR conditions which can be estimated at the UE.
Observation 28: HST SFN scenarios with and without Doppler shift pre-compensation will typically have a different optimal DMRS configuration choice.
Observation 29:: The optimal number of the required DMRS symbols in case of a non pre-comepensated SFN channel  per DMRS port will depend on a UE speed and on a UE location. 
Proposal 30: Introduce DMRS adaptation for HST SFN scenario to allow a dynamic selection of the most appropriate DMRS configuration option for a given HST SFN transmission mode and the estimated channel characteristics and SNR conditions. 
Proposal 31: Consider  a UE assisted DMRS adaptation for DL, in which UE provides an indication of the most convenient DMRS configuration option per estimated channel and SNR conditions and per a given HST SFN transmission mode.
Proposal 32: Introduce a mechanism for dynamic DMRS configuration signaling to enable DMRS adaptation. 
FR2 Evaluation Results
Link level simulations in the FR2 band are carried out using the parameters summarized in Table 2 of the Appendix. Comparisons are provided in terms of the achieved throughputs at various SNR values between Rel. 15 baseline SFN, Rel. 17 SFN Scheme 1 and Scheme 2 assuming both fixed MCS transmission and MCS adaptation. For the fixed MCS transmission, MCS 4, 13 and 17 of the 64 QAM Table are considered without any HARQ retransmissions, and for the MCS adaptation, the MCS is adapted based on the 6 4QAM table to achieve 10% initial BLER. In the simulation, no frequency pre-compensation at the transmitter is assumed. At both TRP and UE sides, directional transmission and reception is used based on DFT codebooks. 
[bookmark: _Hlk68639072]It is observed that at the HST speeds, Rel. 17 candidate schemes outperform the single TRP scheme. In the comparison, for Scheme 2, two different DMRS patterns are assumed; 1) same CDM group and 2) different CDM group. For relatively low MCSs at low SNRs, e.g., MCS 4 and MCS 13 in Figure 6‑6‑1 and Figure 6‑6‑2, it is observed that Scheme 2 with different DMRS CDM group outperforms other schemes, due to improved channel estimation performance. However, for high SNRs, the different DMRS CDM group suffers from the loss of peak throughput, by not being able to multiplexing DMRS and data on the same symbol. Further, with MCS adaptation in Figure 6‑6‑4, it is observed that Scheme 1 and Scheme 2 with the same DMRS CDM group perform almost identically and outperform Scheme 2 with different CDM group. For the performance comparison at different points on the track in Figure 6‑6‑5, it is observed that SFN Scheme 1 and 2 show quite stable performance regardless of the position of the train, while the single TRP scheme outperforms when the train is very close to one of the TRPs.
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[bookmark: _Ref68637784]Figure 6‑6‑1: Fixed MCS = 4 comparison between SFN schemes at FR2 using the extended CDL-D and CDL-E channel models at mid-track point – rank1
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[bookmark: _Ref68637788]Figure 6‑6‑2: Fixed MCS = 13 comparison between SFN schemes at FR2 using the extended CDL-D and CDL-E channel models at mid-track point – rank 1 
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Figure 6‑6‑3: Fixed MCS = 17 comparison between SFN schemes at FR2 using the extended CDL-D and CDL-E channel models at mid-track point – rank 1
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[bookmark: _Ref68637982]Figure 6‑6‑4: Adaptive MCS comparison between SFN schemes at FR2 using the extended CDL-D and CDL-E channel models at mid-track point – rank 1
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[bookmark: _Ref68638133]Figure 6‑6‑5: Adaptive MCS comparison between SFN schemes at FR2 using the extended CDL-D and CDL-E channel model at different points - rank1 
Observation 30: For FR2, Rel. 17 candidate schemes outperform the single TRP scheme.
Observation 31: For FR2 with MCS adaptation, Scheme 1 and Scheme 2 with the same DMRS CDM group perform almost identically and outperform Scheme 2 with different CDM group.
Observation 32: For FR2, SFN Scheme 1 and 2 show quite stable performance regardless of the position of the train, while the single TRP scheme outperforms when the train is very close to one of the TRPs. 
Conclusion 
[bookmark: _Hlk23927392]Observation 1: SFN scheme-1 with backward compatible SFN TRS has almost the same performance of Scheme-1 with distributed TRS (TRP-specific) while enabling backward compatible to pure SFN scheme.
Observation 2: SFN transmission scheme-2 requires double the number of DMRS ports as compared to SFN scheme-1 which results into network resource overhead, increase of UE complexity and timeline.
Observation 3: Scheme 1 outperforms scheme 2 (with different CDM group per TRP) at mid-track point for the different SNR.
Observation 4: Scheme 2 with DMRS ports mapped to different CDM groups suffer from extra DMRS overhead as compared to scheme 1 which results into lower DL throughput. 
Observation 5: Scheme 2 with DMRS ports mapped to same CDM group has same DMRS overhead and achieves same performance as scheme 1 only rank 1.
Observation 6: Dynamic switching between scheme 1 and other transmission schemes may happen if scheme 1 is configured per BWP.
Observation 7: Per-CC RRC parameter of scheme-1 enable common signalling for the identifying scheme-1 for both PDCCH and PDSCH.
Observation 8: Single DM-RS CDM group is unnecessary restriction.
Observation 9: Rel-17 MAC-CE activation of two TCI states for SFN PDCCH is required only when more than two TCI states are RRC configured in the CORESET. 
Observation 10: Perfect pre-compensation is a not a realistic assumption due to many factors that affects the accuracy of Doppler shift measurements/estimation or quantization error by reporting, non-prefect frequency synchronization between the TRPs as well as the temporal variation of CFO per TRP.
Observation 11: Pre-compensation SFN schemes with QCL variant B (BC-SFN) and variant A (TRP-specific TRS) have similar results. 
Observation 12: The accuracy of pre-compensation impacts the performance at higher SNR, larger MCS and higher rank.
Observation 13: Both indication options of Doppler shift are impacted by some estimation and/or quantization errors. 
· Implicit indication based on UL signal/channel is preferred from UE perspective.
· SRS enhancement is required to enable more accurate Doppler estimation.
Observation 14: Doppler shift pre-compensation may create TRS overhead as two sets of TRS may be needed; one set with Doppler shift pre-compensation and another one without compensation
Observation 15: QCL violation may happen with Doppler shift pre-compensation framework where target and source RSs may not have the same Doppler shift
Observation 16: The UL signal/channel with multiple QCL RS sources is beneficial for selecting UL beam targeting specific TRP. Further discussion based on the outcome of the unified TCI framework in agenda item 8.1.
Observation 17: For multiple DL TRSs, the UE and gNB should have a common understanding on which TRS and the corresponding Doppler the UE should use for the modulation the centre frequency of the UL signal. 
Observation 18: FD based Doppler shift estimation using 2 nonconsecutive SRS symbols allows much more accurate estimation compared to a TD based estimation with a single SRS symbol while the same number of resources is assumed for both cases or alternatively the same equivalent SRS transmission power is assumed. 
Observation 19: Accuracy of FD based Doppler shift estimation using 2 non-consecutive SRS symbols is improving as the time gap between the two SRS symbols is increasing. 
Observation 20: A more advanced Doppler shift/FO estimation algorithm that assumes a 3 non-consecutive SRS symbols allows a significant estimation accuracy enhancement especially in case of a low SNR/power limited regime and is robust to an extreme Doppler shift values range. 
Observation 21: Comb-8 mapping option for SRS that is used for implicit Doppler shift indication in UL allows to improve FD based estimation accuracy for low SNR regime. 
Observation 22: Comb-8 mapping option for SRS that is used for implicit Doppler shift indication in UL may allow a better resiliency to mutual ICI leakage between SRS transmissions allocated on the same OFDM symbol and the same range of RBs and associated with a different multiplexed UEs. 
Observation 23: NB SRS allocation for Doppler shift/FO estimation based on a nonconsecutive SRS symbols allows to achieve a reasonable estimation accuracy for sufficiently high SNR (including frequency selective channels).  
Observation 24: Different spacing between 2 SRS symbols would be required for reliable Doppler shift and Doppler spread measurements.
Observation 25: Two or more nonconsecutive SRS symbols with adaptively selected time gaps between them can allow to optimize Doppler shift estimation accuracy for different scenarios depending on UE speed, UE location on the track, SNR, channel type/characteristics, deployment parameters and other factors. 
Observation 26: UE transmission phase continuity might be influenced by UL-DL switching and by UL power or carrier frequency modification between non-consecutive SRS symbols. 
Observation 27: The best DMRS configuration pattern depends on different channel characteristics including Doppler (coupled to a UE speed) and SNR conditions which can be estimated at the UE.
Observation 28: HST SFN scenarios with and without Doppler shift pre-compensation will typically have a different optimal DMRS configuration choice.
Observation 29: The optimal number of the required DMRS symbols in case of a non pre-comepensated SFN channel per DMRS port will depend on a UE speed and on a UE location. 
Observation 30: For FR2, Rel. 17 candidate schemes outperform the single TRP scheme.
Observation 31: For FR2 with MCS adaptation, Scheme 1 and Scheme 2 with the same DMRS CDM group perform almost identically and outperform Scheme 2 with different CDM group.
Observation 32: For FR2, SFN Scheme 1 and 2 show quite stable performance regardless of the position of the train, while the single TRP scheme outperforms when the train is very close to one of the TRPs. 

Proposal 1: Support the introduction of higher layer parameter to differentiate between SFN scheme-1 with BC SFN TRS and TRP-specific TRS.

Proposal 2: No support of SFN scheme 2 in Rel-17.
Proposal 3: Support per-CC configuration of higher layer parameter for the introduction of SFN scheme 1 (PDSCH).
Proposal 4: Restriction to a single CDM group for DM-RS is NOT supported for scheme 1.
Proposal 5: Dynamic switching of scheme 1 (PDSCH) and Rel-16 schema 1a as additional UE feature is not supported.

Proposal 6: RAN1 to clarify the QCL assumptions between the TRS/CSI-RS and SSB reference RS for scheme 1.

Proposal 7: Support same RRC parameter configured per-CC for the indication of schme-1 for both PDCCH and PDSCH. 
Proposal 8: For CA scenario, support RRC singalling of a set CCs which can be addressed by a single MAC CE for activation of two TCI states of CORESET with the same CORESET ID for all the BWPs in the indicated CCs set.

Proposal 9: For a CORESET that is RRC-configured with only two TCI states and RRC configured for SFN PDCCH, the UE assumes that the DM-RS antenna port associated with PDCCH receptions in the CORESET are QCLed with the DL RSs in the two TCI states. 

Proposal 10: TCI field should be always present in the DCI for SFN PDSCH scheme 1 with two TCI states.
Proposal 11: Support Alt 1 by reusing Rel-16 rule for the determination of the default TCI states of SFN PDSCH (scheme-1) 
Proposal 12: If a CORESET is indicated with two TCI states (each TCI state containing a reference RS with QCL-TypeD), and scheduling offset for AP CSI-RS is less than the threshold and there is no other overlapping DL signal with indicated TCI state, the UE assumes the first TCI state as the default beam for aperiodic CSI-RS reception.
Proposal 13: If there is at least one CORESET with two QCL-TypeD properties among the multiple CORESETs, UE considers only CORESETs with two QCL-TypeD properties and determine a CORESET based on Rel. 15 priority rule.
· UE monitors PDCCH in the determined CORESETs and in any other CORESETs having the same one or both QCL-TypeD properties of the determined CORESET
· PDCCH candidates in CORESET(s) that have two QCL-TypeD properties and one of them is different than the QCL-TypeD properties of the determined CORESET(s) are not monitored. 
Proposal 14: For implicit configuration of RS for BFD, support Alt 1-3 where the RS of CORESET(s) with only two TCI states are used.
Proposal 15: For explicit configuration of RS for BFD, support Alt 2-2y reusing the existing approach for BFD RS configuration.
Proposal 16: Support Alt 3-2 for one hypothetical BLER calculation under SFN assumption of BFD RS pairs.
Proposal 17: Support Alt 4-1 for the configuration of NBI-RS by reuse the existing Rel-15 NBI configuration based on single CSI-RS resource.

Proposal 18: BFR enhancement is applicable only to Rel.15 and Rel.16 BFR.

Proposal 19: Confirm the working assumption with additional support of variant B. For TRP-based pre-compensation, Variant A (based on RAN1#103-e meeting agreement) are supported as QCL types/assumption, when the same DMRS port(s) are associated with two TCI states.
·  Variant B is additionally supported.

Proposal 20: For TRP-based pre-compensation, UE may ignore QCL properties of {Doppler shift, Doppler spread} of the first TCI state.
Proposal 21: The restriction of configuration of different SFN schemes for PDCCH and PDSCH or between different CORESET is per-UE.
Proposal 22: Support implicit indication of Doppler shift based on UL RS. 
· Support SRS enhancement to enable more accurate Doppler estimation.
· Doppler shift reporting based on DL RS is supported only as an optional UE feature.

Proposal 23: Introduce new QCL type-E with loose Doppler shift relationship between the target and source RS.
Proposal 24: A specific QCL type for the source TRS should be used as an indication to the UE for the Doppler shift for modulating the UL signal.
Proposal 25: Introduce new SRS pattern for UL Doppler estimation purpose, comprised of at least two intra slot non-consecutive SRS symbol repetitions with a configurable time gap between the SRS symbols.
Proposal 26: Introduce new usage type for SRS resource set that will be associated with Doppler tracking purpose. The new SRS pattern will be supported under the new SRS resource set usage type. 
Proposal 27: Implicit Doppler shift indication for HST SFN scenario will be based on SRS resource(s) defined under SRS resource set with the new usage type (Doppler tracking).
Proposal 28: Consider an option of dynamic reconfiguration of several parameters of the new SRS pattern including at least time gap(s) between SRS repetitions to support a dynamic Doppler tracking SRS pattern adaptation for different scenarios. 
Proposal 29: SRS allocation for a UE for Doppler measurements including the time gap between intra slot SRS repetitions should not be time or intra-band frequency multiplexed with any UL or DL channel for the addressed UE.
Proposal 30: Introduce DMRS adaptation for HST SFN scenario to allow a dynamic selection of the most appropriate DMRS configuration option for a given HST SFN transmission mode and the estimated channel characteristics and SNR conditions. 
Proposal 31: Consider  a UE assisted DMRS adaptation for DL, in which UE provides an indication of the most convenient DMRS configuration option per estimated channel and SNR conditions and per a given HST SFN transmission mode.
Proposal 32: Introduce a mechanism for dynamic DMRS configuration signaling to enable DMRS adaptation. 
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Appendix
[bookmark: _Ref54265945]Table 2: Simulation setup and evaluation assumption
	Parameter
	FR1
	FR2

	Duplexing 
	TDD

	TRP layout 
(Ds, Dmin, etc)
	Ds=700m, Dmin=150m
For CDL based model – TRP height: 35m,
UE height: 1.5m
	Ds=200m, Dmin=30m
For CDL based model – TRP height: 20m,
UE height: 1.5m

	TRP antenna configuration including number of antennas, pattern, ports, orientation, etc
	CDL based extension:
8 ports: [Mg, Ng, M, N, P]=[1, 1, 8, 4, 2], antenna model in Table 5 in [2], 8-to-1 mapping is used to virtualize the 8 antenna elements in a column with fixed weight to form an antenna port

4-tap channel model:
2 ports: omni-directional, MIMO matrix according to TS 38.101-4 (Annex B.1)

	CDL based extension:
2 ports: [Mg, Ng, M, N, P]=[1, 1, 8, 4, 2], Directional antenna model in Table 5 in [2]


	UE antenna configuration including number of antennas, pattern, ports, orientation, etc
	4 ports: [Mg, Ng, M, N, P]=[1, 1, 1, 2, 2],
one-to-one mapping between antenna elements and TXRUs
omni-directional antenna
	2 ports: [Mg, Ng, M, N, P]=[1, 1, 2, 4, 2],
Directional antenna model in Table 6 in [2]

	DMRS type
	Mandatory: DM-RS type 1

	Number of DMRS symb.
	1+1+1

	TDD pattern
	DDDDDDDSUU,
S: 6D 4G 4U

	MCS
	MCS 4/MCS 13/MCS 17 based on 64QAM table, MCS adaptation

	Number of scheduled RBs
	50
	32

	Propagation condition
	4-tap channel model
(TS 36.101 (Annex B.3A) / TR 36.878)
CDL extension
(CDL D/E, DS = 100ns)
	CDL extension
(CDL D/E, DS = 20ns/30ns)

	TRS configuration, TRS periodicity
	10ms, 2-slot pattern

	PDSCH mapping
	Type A, Start symbol 2, Duration 12

	Rank
	Rank 1, Rank 2


	BW
	20 MHz
	50 MHz

	Carrier frequency or maximum Doppler shift
	3.5GHz,
500kmph
	30GHz,
200kmph, 350kmph

	Performance metric
	Throughput
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