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1. INTRODUCTION
In WG1 Meetings #103e, RAN1 continued the discussion on enhancements for multi-TRP transmission to support HST-SFN scenario. Based on the discussion, the following agreements were reached [1],

	· Support at least the following configuration for HST scenario in Rel-17
· The same DMRS port(s) can associate with multiple TCI states
· FFS other details 
Note: DMRS and PDCCH/PDSCH from different TRPs are transmitted in SFN manner
· At most two TCI states are supported for HST scenario in Rel-17
· FFS: Whether to support more than two TCI states for FR2
· FFS configuration/signalling details of the TCI states
Note: DMRS and PDCCH/PDSCH from different TRPs are transmitted in SFN manner
· 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



In this contribution, we further discuss the enhancements for M-TRP to support HST-SFN deployment scenario and present our views. 

2. BACKGROUND
HST is one of the important 5G NR deployment scenarios as captured in TR 38.913 [2]. HST deployment scenario focusses on providing consistent user experience for the passengers and high reliability low-latency communications for the high-speed trains [2]. High-speed trains are expected to travel at a velocity of up to 500 km/h. Providing connectivity to passengers at such a high velocity would pose numerous challenges and may demand several enhancements to the existing technologies.  
Figure 1 shows an HST-SFN scenario where multiple TRPs are spread out along the track path. These TRPs are connected to one BBU and share the same cell ID to reduce the number of handovers and increase the robustness of the air-interface. BBUs are usually connected via optical fiber aiming to provide enough backhaul capacity with manageable level of backhaul delay. 

[bookmark: _Ref15913275][image: ]
Figure 1 - Use of a M-TRP configuration for HST-SFN

3. ENHANCEMENTS FOR HST-SFN
[bookmark: _Hlk54108852]3.1 QCL/TCI FRAMEWORK 
As reflected in recent agreements [1], for both Schemes 1 and 2, TCI/QCL discussion for various signals involved in the transmission is an important aspect of the HST-SFN operation. In the current TCI framework, a UE may be configured with up to 64 TCI states from which a subset of up to 8 TCI states may be activated. 
A TCI state may comprise of at least one combination of serving cell, bandwidth part identity, and at least one reference signal such as a CSI-RS or SSB. The UE may assume QCL relationship between the ports of such reference signals and the DM-RS ports to assist in the reception and demodulation of PDCCH or PDSCH. It would be inefficient to employ the existing mechanism of TCI indication for an HST-SFN scenario. Thus, modifying TCI/QCL framework targeting the unique requirements of HST-SFN deployment scenario is essential. To this end several open problems are being discussed in the current RAN WG1 discussion. In the proceeding sections we present our views on these open problems and make proposals for possible improvements.

3.1.1 ASSOCIATION OF SAME DM-RS PORT(S) TO MULTIPLE TCI STATES
In RAN WG1 meeting 103e, it was agreed to have the same DR-MS port(s) associated with multiple TCI states when DM-RS(s) and PDCCH/PDSCH from different TRPs are transmitted in SFN manner as shown in Figure 2. With this, UEs can efficiently receive PDCCH/PDSCH by using the knowledge of Doppler shift, Doppler spread, average delay, delay spread, and spatial Rx parameter of multiple source RSs TCI states are configured with. 




Figure 2: HST-SFN transmission with SFNed DM-RS and PDCCH/PDSCH transmission. 
Further, to support a reference for evaluation of scheme 1 and/or TRP based pre-compensation, it was agreed to support at least one of the following four variants of QCL types for the two TCI states when the two TCI states contain TRS as the source RS. 
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)

It was also agreed that each TCI state in the above variants could be additionally associated with {Spatial Rx parameter} (i.e., QCL-TypeD). Moreover, it was agreed to further study the indication method to apply QCL, e.g., via new QCL-type, or reuse existing QCL-type while UE to ignore certain QCL properties. In the following we discuss the application of these four variants of QCL types in both network-based and UE-based HST-SFN scenarios and share our views. 

QCL Types for the Two TCI States
Generally, the channels from two TRPs could have different delay spreads and propagation delays. Therefore, it is beneficial to use the delay information from both TRPs for generating the proper receiver filter. This is applicable for both UE-based and network-based HST-SFN deployments. Thus, each TCI states having QCL reference to delay spread and average delay is quite useful. Out of 4 variants, variant A and E satisfy this requirement. 
However, advanced receivers considered for UE-based solution depends on proper capturing Doppler information of both TRPs. Thus, in addition to having reference to delay information in both TCI states, having reference to Doppler information could be very useful for UE-based HST-SFN deployments. Out of the 4 variants, only variant E satisfy these requirements. This is basically re-using QCL-TypeA in both TCI states.
In conclusion, variant E with additional indication mechanism to ignore certain QCL properties based on the solution type could be beneficial. This will allow the selected variant to be used to evaluate both UE-based and network-based HST-SFN. Later, if a specific type of solution, i.e. network-based or UE-based, and a downlink transmission scheme is selected, specific QCL types for the two TCI states could be defined. 
Observation 1: For the two TCI states, defining QCL types that allow to evaluate both network-based and UE-based HST-SFN deployments would be beneficial.
Proposal 1: Select variant E with additional indication mechanism to ignore certain QCL properties based on the adapted HST-SFN scenario. 

3.1.2 NEW QCL CONSIDERATION 
As discussed previously, HST-SFN deployments give rise to an issue related to Doppler shift. In both schemes 1 and 2, TRS transmitted by different TRPs are perceived with opposite signed Doppler shift by a UE. For example, two TRSs could be experiencing Doppler shifts with similar magnitude but opposite signs. This is typically the scenario when UE is located in between two TRPs. And, this is the situation that extreme Doppler shifts severely affects the performance.  Moreover, the sign of the Doppler shift could change rapidly as a UE passes by its serving TRP. To simplify receiver processing and avoid any ambiguity, it is beneficial if a UE is aware of the relative polarity of Doppler shift between configured TCI states. Therefore, defining new QCL types capturing these unique situations could help to reduce the complexity of UE receiver processing. 
Observation 2: In both schemes 1 and 2, TRS transmitted by different TRPs are perceived with opposite signed Doppler shift by a UE.
Proposal 2: To simplify receiver processing and avoid any ambiguity, support new QCL information indicating opposite polarity of Doppler shift between different transmissions.

3.1.3  QCL/TCI INDICATION
As reflected in the recent agreements [2, 6], for both Schemes 1 and 2, TCI/QCL discussion for various signals involved in the transmission is an important aspect of the HST operation. However, it would be inefficient to employ the existing mechanism of TCI indication per individual UE basis for an HST scenario. In a multi-TRP HST deployment, as UEs move from TRP to TRP, TCI info needs to be updated every few seconds for all the UEs in the train which makes it very inefficient in terms of resource usage and its related signalling. In an HST environment, UEs in the same compartment are located close to each other and moving together. Therefore, a zone-based identification, as shown in Figure 3, could be helpful to mitigate the signalling overhead. A zone can be configured or determined based on geographical coordinates of a UE, and it may be associated with a zone identity (e.g., zone-id). For example, information on TCI states could be shared by UEs within the same zone, therefore a gNB does not have to continuously update TCI information of all UEs every few seconds. 
Observation 3: In a multi-TRP HST deployment, since TCI/QCL info needs to be updated every few seconds, a zone-based configuration for TCI/QCL information could be used to mitigate the signalling overhead. 
Proposal 3: Study zone-based configuration for TCI/QCL information to mitigate potential high signalling overhead.
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Figure 3- Zone-based TCI/QCL indication in HST-SFN Transmission

3.2 PDCCH IN SFN MANNER 
A successful reception of PDSCH depends on the successful reception of the related PDCCH. Since two TRPs are geographically separated, the radio channels could experience completely different propagation conditions. Therefore, harvesting spatial diversity could increase the reliability of the communication. As in HST-SFN deployments UEs move extremely fast, deep fading conditions that last only for a very short time period can occur very often. Since PDCCH is maximum up to 3 OFDM symbols long, it could be very susceptible to these deep fading compared to PDSCH. 
Based on recent agreements, it is only Scheme 1 that supports SFN transmission of PDCCH. However, as argued earlier, it is important to support a similar level of reliability for PDCCH when using Scheme 2. One way to enhance the performance of PDCCH would be to rely on non-SFN PDCCH transmission, however such approach would not be efficient. First, it requires the use of additional resources which impacts the spectrum efficiency of the system. And secondly, it increases the number of blind decoding by a UE that leads to an increase in power consumption. Therefore, non-SFN PDCCH transmission is not preferred.
To enable PDCCH transmission in an SFN manner, some considerations may be needed for PDCCH DM-RS transmission. In Scheme 2 PDSCH DM-RS are non-SFN, however such approach cannot be considered for PDCCH DM-RS, as it is based on a single port transmission. Therefore, to support SFN transmission of PDCCH, one of the followings can be considered,
· PDCCH DM-RS can be sent in an SFN manner. Therefore, PDSCH DM-RS would be TRP-specific, but PDCCH DM-RS will remain in an SFN manner.
· PDCCH DM-RS can be enhanced to support non-SFN DM-RS transmission.  As such, UE will be able to perform separate channel estimation for processing of the SFNed PDCCH transmitted from multiple TRPs.

[bookmark: _Hlk54125403]Observation 4: Transmitting PDCCH SFN manner could help to increase the reliability of the HST-SFN transmission. To this end, enhancements for the PDCCH DM-RS design to enable multi-port DM-RS estimation and enhancements for TCI/QCL framework could be necessary. 
Proposal 4: Support PDCCH SFN transmission for Scheme 2. 
3.3 DIFFERENTIATING REL-16 M-TRP SCHEME FROM HST SCHEMES
[bookmark: _Hlk54110424]In a non-HST-SFN deployment, a UE switching between multi-TRP and single-TRP transmission could be very common. However, in our view, an HST-SFN deployment will have separate infrastructure and UEs will be served by the network for a prolong period, at least when UEs are moving at high speed. When a UE leaves a service area of HST-SFN deployment, they will be serviced by the regular cellular network infrastructure, thus this will be covered under user handover process. Therefore, RRC signaling could be used to configure UEs served by HST-SFN transmission.

Observation 5: As a UE switching between Rel-16 non-SFNed (multi/single-TRP) transmission and HST-SFN transmission is not frequent. When a UE leaves a service area of HST-SFN deployment, they will be serviced by the regular cellular network infrastructure, thus this will be covered under user handover process.
Proposal 5: RRC signalling could be used to differentiate between Rel-16 SFN and Rel-17 HST-SFN schemes.
3.4 Doppler Shift Pre-Compensation
In the last meeting, three steps for TRP-based frequency offset pre-compensation scheme for HST-SFN were agreed,
· 1st step: Transmission of the TRS resource(s) from TRP(s) without pre-compensation
· 2nd step: Transmission of the uplink signal(s)/channel(s) with carrier frequency determined based on the received TRS signals in the 1st step
· 3rd step: Transmission of the PDCCH/PDSCH from TRP(s) with frequency offset pre-compensation determined based on the received signal/channel in the 2nd step

Based on the agreed three step high-level procedure, different compensation schemes with different implications can be implemented. For example, Figure 4 shows two potential schemes that can be implemented based on the agreement. 
· While both schemes are built upon a same set of steps, the resulting frequency pre-compensated transmission occur at different frequencies. For the scheme shown in Figure 4(a), the pre-compensation is done in such a way that the UE will receive the frequency pre-compensated channel at the frequency fc+f1, while for the scheme shown in Figure 4(b),  UE will receive the frequency pre-compensated channel at the original nominal frequency of  fc. 
· Another important aspect is that for the scheme shown in Figure 4(a), TRP2 needs to continuously receive updated Doppler shift information, i.e., f1,  from TRP1, requiring a low latency high-speed connection between all TRP pairs. Such requirement may not be always feasible, and furthermore, it imposes additional signaling and overhead on the network.

Observation 6: Based on the agreed three step procedure, different compensation schemes with different implications on system requirements can be implemented.
Proposal 6: Prioritize pre-compensation schemes that do not require exchange of Doppler information between TRPs.



[image: ]

      (a)
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      (b)

Figure 4 – Frequency pre-compensation schemes
3.5 TRS Enhancements


[bookmark: _Hlk54254387]Figure 5 – Experienced Doppler shift by a UE

One of the challenging issues in an HST deployment scenario is to have an accurate estimation of Doppler shift. In an HST deployment, the value of Doppler shift is changing continuously, and its rate of change increases significantly as an HST travels in the vicinity of a TRP. This high rate of change in Doppler shift is due to the fact that a train has a much higher displacement with respect to a TRP in its vicinity than when it is far off a TRP. Figure 5 shows the perceived Doppler shift of different TRSs transmitted by different TRPs. Based on Figure 5, we can make a couple of observations.
· When an HST is far from both TRPs, the measured Doppler shifts on TRSs transmitted by the TRP pair is almost constant, equal and opposite in sign. 
· [bookmark: _Hlk54124416] When an HST is in the vicinity of a TRP, the measured Doppler shifts on TRSs transmitted by the TRP pair changes at a very high rate.
· When an HST passes by a TRP, the sign of the Doppler shift changes abruptly.

Due to high mobility and high Doppler shift, performance in HST scenario could be very sensitive to Doppler measurement errors. In order to have an accurate estimate of the Doppler shift, we need to have a frequent transmission of TRSs. In Rel-16, TRS can be configured with 10 ms, 20 ms, 40 ms, or 80 ms periodicity. While a lower rate of TRS may be sufficient for areas where HST is relatively far from TRPs, they may not be frequent enough for areas in the vicinity of TRPs. Thus, TRSs are required to be transmitted frequently. However, based on the above observations, a high rate transmission of TRS is only needed when UE is in the vicinity of a TRP, other than that a UE can operate with a lower rate of TRS transmission. 
.
Observation 7: To have an accurate estimation of Doppler shift, a high rate transmission of TRS is only needed when a UE is in the vicinity of a TRP, other than that a UE can operate with a lower rate of TRS transmission.
Proposal 7: Support variable-rate TRS transmission for HST deployment scenario.




4 Performance Evaluation of Schemes 1 and 2
In this section, we share our throughput evaluation results of both Scheme 1 and Scheme 2 considering CDL-D channels for an FDD system. UE is traveling at 350 km/h. Two modulation and coding schemes, MCS 13 and MCS 17, and antenna configurations, 2Tx2Rx and 8Tx2Rx, are considered. Network setup considered in the simulation is shown in Figure 6 and the complete set of simulation parameters are summarized in Table 1.


Figure 6: HST-SFN network setup for link-level simulation

Table 1 –Parameters for link-level simulation
	Parameter
	Value

	Duplexing
	FDD (FR1)

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

	TRP antenna configuration including number of antennas, pattern, ports, orientation, etc
	CDL based extension:
2 ports: [Mg, Ng, M, N, P]=[1, 1, 1, 1, 2], 
2 ports: [Mg, Ng, M, N, P]=[1, 1, 2, 2, 2], 
2 ports: [Mg, Ng, M, N, P]=[1, 1, 8, 2, 2], 
Directional antenna: 2D-Gaussian

	UE antenna configuration including number of antennas, pattern, ports, orientation, etc
	2 ports: [Mg, Ng, M, N, P]=[ 1, 1, 1, 1, 2] , Omni-directional antenna, fixed UE orientation angle

	DMRS
	Single port DMRS (port-0) for Scheme-1, two port DMRS (Ports 0&2) for Scheme-2.
DM-RS type-1, # of DMRS    1 + 1 +1,   

	MCS
	13 and 17

	System BW
	10MHz

	SCS
	30kHz

	Allocated no. of PRBs
	10 PRBs 

	Carrier frequency and max doppler shift
	3.5GHz, 350kmph


	Propagation condition
	CDL extension 
(CDL-D = 100ns)

	Precoder
	None 

	UE Velocity
	350km/h

	Doppler estimation
	Ideal 

	Antenna downtilt and azimuth

	elementMaxGainAz for RRH1=-23.2 degrees
elementMaxGainAz for RRH2=-156.8 degrees
Downtilt angle = 5.02 rad
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	Figure 7-Throughput of Scheme 1 and 2 in CDL-D channels with MCS 13 and 2Tx2Rx
	Figure 8-Throughput of Scheme 1 and 2 in CDL-D channels with MCS 17 and 2Tx2Rx
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	Figure 9-Throughput of Scheme 1 and 2 in CDL-D channels with MCS 13 and 8Tx2Rx
	Figure 10-Throughput of Scheme 1 and 2 in CDL-D channels with MCS 17 and 8Tx2Rx


[bookmark: _Hlk61549793]Figures 7 – 10, show throughput vs SNR of both HST-SFN Scheme 1 and 2 at different UE locations. Further, Figures 11-18 give variation of the throughput with UE’s location at four different SNR values, -5 dB, 5 dB, 10 dB, and 20 dB. In both set of figures, MCS values 13 and 17 with 2 and 8 transmit antennas at the TRPs are considered. As demonstrated in the presented results, a UE experiences better throughput as it moves towards the midpoint (i.e., D1 = Ds/2= 350 m) of the two TRPs, especially at low SNR region. The reason can be due the orientation of the antenna beams, i.e., towards the centre location of the railway track between two TRPs. Further, figures indicate that at low to medium SNR region, UEs located towards centre of the two TRPs achieve better throughput with Scheme 2 compares to Scheme 1. A similar observation could be made for D1 = 175 m, and 525 m cases with 8Tx2Rx antenna configuration. This indicates that having two orthogonal DM-RS resources helps to achieve better channel estimates in low to medium SNR values and having better channel estimates could help to improve the performance.  However, in all the cases at high SNR values, Scheme 1 achieve better throughput compared to Scheme 2. This is mainly due to Scheme 1’s lower DM-RS overhead which enables having more time-frequency resources for the PDSCH transmission in Scheme 1. In conclusion, in the considered simulation setup, the better choice of HST-SFN transmission scheme highly depends on the operating SNR region, location of the UE (including transmit beam orientation), and the number of transmit antennas at TRPs.
Observation 8: The better choice of HST-SFN transmission scheme highly depends on the operating SNR region, location of the UE (including transmit beam orientation), and the number of transmit antennas at TRPs.

Proposal 8: Support both Schemes 1 and 2 for HST-SFN transmission.
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	Figure 11-Throughput vs D1 of Scheme 1 in CDL-D channels with MCS13 and 2Tx2Rx
	Figure 12-Throughput vs D1 of Scheme 1 in CDL-D channels with MCS17 and 2Tx2Rx
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	Figure 13-Throughput vs D1 of Scheme 1 in CDL-D channels with MCS13 and 8Tx2Rx
	Figure 14-Throughput vs D1 of Scheme 1 in CDL-D channels with MCS17 and 8Tx2Rx
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	Figure 15-Throughput vs D1 of Scheme 2 in CDL-D channels with MCS13 and 2Tx2Rx
	Figure 16-Throughput vs D1 of Scheme 2 in CDL-D channels with MCS17 and 2Tx2Rx
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	Figure 17-Throughput vs D1 of Scheme 2 in CDL-D channels with MCS13 and 8Tx2Rx
	Figure 18-Throughput vs D1 of Scheme 2 in CDL-D channels with MCS17 and 8Tx2Rx



5 CONCLUSIONS
This contribution discussed potential enhancement for HST-SFN. Based on the presented discussion, we make the following observations and proposals,

Observation 1: For the two TCI states, defining QCL types that allow to evaluate both network-based and UE-based HST-SNF deployment would be beneficial.

Observation 2: In both schemes 1 and 2, TRS transmitted by different TRPs are perceived with opposite signed Doppler shift by a UE.

Observation 3: In a multi-TRP HST deployment, since TCI/QCL info needs to be updated every few seconds, a zone-based configuration for TCI/QCL information could be used to mitigate the signalling overhead. 

Observation 4: Transmitting PDCCH SFN manner could help to increase the reliability of the HST-SFN transmission. To this end, enhancements for the PDCCH DM-RS design to enable multi-port DM-RS estimation and enhancements for TCI/QCL framework could be necessary. 

Observation 5: As a UE switching between Rel-16 non-SFNed (multi/single-TRP) transmission and HST-SFN transmission is not frequent. When a UE leaves a service area of HST-SFN deployment, they will be serviced by the regular cellular network infrastructure, thus this will be covered under user handover process.

Observation 6: Based on the agreed three step procedure, different compensation schemes with different implications on system requirements can be implemented.

Observation 7: To have an accurate estimation of Doppler shift, a high rate transmission of TRS is only needed when a UE is in the vicinity of a TRP, other than that a UE can operate with a lower rate of TRS transmission.

Observation 8: The better choice of HST-SFN transmission scheme highly depends on the operating SNR region, location of the UE (including transmit beam orientation), and the number of transmit antennas at TRPs.

Proposal 1: Select variant E with additional indication mechanism to ignore certain QCL properties based on the adapted HST-SFN scenario.

Proposal 2: To simplify receiver processing and avoid any ambiguity, support new QCL information indicating opposite polarity of Doppler shift between different transmissions.

Proposal 3: Study zone-based configuration for TCI/QCL information to mitigate potential high signalling overhead.

Proposal 4: Support PDCCH SFN transmission for Scheme 2. 

Proposal 5: RRC signalling could be used to differentiate between Rel-16 SFN and Rel-17 HST-SFN schemes.

Proposal 6: Prioritize pre-compensation schemes that do not require exchange of Doppler information between TRPs.

Proposal 7: Support variable-rate TRS transmission for HST deployment scenario.

Proposal 8: Support both Schemes 1 and 2 for HST-SFN transmission.
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