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Introduction
In RAN#86, a WI was agreed on further enhancements to the MIMO framework for Rel. 17, including enhancements on HST SFN deployment [1]. This contribution discusses enhancements in HST SFN deployment scenarios, in which the channel for the UE-RRH link incurs large Doppler values, due to the high speed of the train along the railway, where the speed of the train may reach up to 500 km/h. 
Conventional HST-SFN Deployment
In RAN#86 plenary meeting [1], it was agreed that the MIMO work item includes the following objective 
“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”
High speed rail is expanding in Europe and Asia alongside their number of passengers with smart devices. Multiple deployment scenarios were addressed in RAN4 discussions for UEs with varying speeds [2], [3]. Due to the very high speed of newly deployed trains (up to 500 km/h), supporting such UEs with SFN deployment is convenient to avoid handover issues. The layout of such scenario was also discussed in RAN4 [2], where the UEs are served via a series of RRHs along the railway, as shown in Figure 1. We denote by Dmin and Ds the distance between each RRH and the railway, and the inter-RRH distance, respectively. Note that the multiple RRHs located along the railway may share the same cell ID and are connected to a centralized unit. When the transmission from the RRHs within a cell are synchronized, SFN deployment can enlarge the cell coverage, reduce the frequency of handovers, and achieve transmission diversity and power gain. 



[bookmark: _Ref47537823]Figure 1. HST deployment with a series of RRHs along the railway.
   

Figure 2 plots the Doppler effect in FR1 observed by a UE moving between 3 RRHs at the speed of 500 km/h at 2GHz, where the RRHs are deployed with bi-directional antennas with (Ds,Dmin) = (700 m., 150 m.). The spread of the Doppler between adjacent RRHs is also shown. When the RRHs communicate with the UE in SFN mode, the Doppler spread (the largest frequency offset between different paths received by the UE) reaches 1.7 kHz when the UE is at midpoint between two adjacent RRHs. 
[image: ]
[bookmark: _Ref47653171]Figure 2. Doppler shift and Doppler spread observed by a UE from 3 RRHs (Placed at 0, 700, 1400 m.) at 500km/h, 2 GHz carrier frequency with Dmin = 150 m.
Similarly, Figure 3 shows the Doppler shift for a UE speed of 500 km/h at FR2 (30 GHz), with (Ds,Dmin) = (400 m., 20 m.). The Doppler spread reaches 27.6 kHz when the UE is at midpoint between two adjacent RRHs. 
[image: ]
[bookmark: _Ref47177942]Figure 3. Doppler shift and Doppler spread observed by a UE from 3 RRHs (Placed at 0, 400, 800 m.) at 50 km/h, 30 GHz carrier frequency with Dmin = 20 m.

	
	Ds, Dmin (m.)
	Doppler Shift (kHz)
	Doppler Spread (kHz)

	FR1 (2 GHz)
	(700, 150)
	0.92
	1.70

	
FR2 
(30 GHz)
	Alt 1
	(700,150)
	13.81
	25.5

	
	Alt 2
	(400, 20)
	13.88
	27.6

	
	Alt 3
	(200,30)
	13.85
	26.6

	
	Alt 4
	(580,5)
	13.89
	27.8


[bookmark: _Ref47237173]Table 1. The maximum Doppler shift and Doppler spread for different deployment scenarios at 500 km/h.
In Table 1 we compute the maximal Doppler shift and Doppler spread for different frequency ranges and deployment scenarios. For FR1 (2 GHz), the maximal Doppler shift and Doppler spread reach 0.92 kHz and 1.70 kHz respectively, which is equivalent to 3.1% and 1.7% of the subcarrier spacing of 30 kHz. For FR2, the difference between different deployment alternatives is minimal, however we consider the worst case (Alt 4) as an example, with maximal Doppler shift and Doppler spread reaching 13.89 kHz and 27.8 kHz respectively, which is equivalent to 11.6% and 23.2% of the subcarrier spacing of 120 kHz. This shows the difficulty facing a UE in estimating the time varying channel with large Doppler values.
[bookmark: _Hlk47547440]A simple explanation that emphasizes the severity of the problem is as follows. When the UE is located between two RRHs with comparable received powers, it needs to track the carrier frequency offset to estimate the channel, however two Doppler shifts are incurred with two opposite signs (±0.85 kHz at 2 GHz with 500 km/h), leading to channel estimation issues due to difficulty tracking time-varying Doppler value via a single TRS. Note that the higher the train speed or carrier frequency, the higher the performance degradation for a conventional SFN deployment.
Conventional HST SFN deployment may lead to performance degradation at high speeds due to the difficulty of tracking the time-varying channels from multiple RRHs. 
Simulation Assumptions
Prior to RAN1#102e meeting, an email discussion has been held to discuss the simulation assumptions for HST-SFN deployment. Although there was consensus on most of the points addressed in the email discussion, there were still a few issues on which no consensus was reached, some of which are as follows
Issue 1: Frequency Range
It was agreed that HST-SFN deployment would be discussed for FR1 and FR2, however no consensus was reached on whether FR1 should be prioritized. In our opinion, precise performance evaluation for FR2 would require adopting a more advanced channel model that takes blockage and beam tracking considerations into account. Given the limited time resources and discussion moderation challenges in Rel. 17, we believe it is better to narrow down the scope of the problem to ensure the problem is at least partially solved, rather than dealing with broader problems and risk not succeed in delivering. It was argued by some companies that both FR1 and FR2 may require different solutions, which in our opinion is a valid reason to focus on FR1 first rather than dealing with two different solutions with double the simulation and discussion load simultaneously.

Addressing HST-SFN solutions for FR1 and FR2 simultaneously may be challenging due to the key differences in channel model and potentially different solutions to the problem.
1. Prioritize HST-SFN deployment solutions for FR1.


Issue 2: Unidirectional vs. bi-directional antennas at the RRHs
When unidirectional antennas are deployed at the RRHs, for most of the signal paths the Doppler shifts of different RRHs have the same sign, leading the Doppler spread to become much smaller. Thereby, it is much easier to estimate the channel even if different RRHs transmit reference signals as SFN using the same resource. However, since supporting bi-directional antennas at the RRHs is mandatory, we need to design the system based on this scenario. The solution developed for bi-directional antenna can easily support unidirectional antenna deployment. For the rest of the WI we should focus on the bi-directional antenna.
Deployments with unidirectional antennas at the RRHs incur small Doppler spread values compared with deployments with bi-directional antennas at the RRHs.
1. The HST-SFN WI should focus on deployments with bi-directional antenna at RRHs.

Issue 3: Other simulation considerations
Multiple additional aspects of the simulation were discussed, including considering modifying the RRH layout, adopting CDL-based multipath extension corresponding to each RRH link, as well as tunnel deployment. While most of these proposals are plausible, we are concerned that many variations in the simulation assumptions would make it hard to compare results among companies, and hence dilute the significance of the simulations. We prefer proceeding with a basic model, with introducing no more than one additional feature, e.g., additional multi-path component for each UE-RRH link. Considering multiple optional features simultaneously would not be useful, since it will be very hard to trace the impact of each optional feature separately.
 
Considering multiple optional features of the simulation may not be beneficial and would reduce the significance of simulation results, since it would be hard to trace the impact of each feature separately.
1. Adopt a basic model for HST-SFN simulation, enhancing the model for specific deployments with additional simulation results including no more than one additional feature.
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[bookmark: _GoBack][image: ]Proposed HST-SFN deployment
[bookmark: _Ref47551826]Figure 4: UE in HST surrounded by two RRHs with Channels H1, H2, respectively.
As mentioned previously, pure SFN deployment with the same TRS transmitted from all RRHs would lead to Doppler estimation issues due to the high speed of the train. In addition, transmitting the same PDSCH DMRS from all RRHs implies that one aggregate channel from nearby RRHs is estimated, rather than estimating the channel corresponding to each RRH separately, given that the channels from different RRHs are not the same, as shown in Figure 2. On the other hand, dedicating separate TRSs and PDSCH DMRS ports for each of the neighboring RRH is not resource-efficient, in addition to incurring high complexity at the UE side.
One approach that achieves a reasonable tradeoff between performance and complexity is configuring the UE with two TRSs corresponding to two NZP CSI-RS resource sets, so that the UE can estimate the Doppler shift from both neighboring RRHs. Note that only two TRSs suffice for all RRHs, since the UE is more likely to have no more than two dominant RRHs at a time, e.g., RRH1 and RRH2 in Figure 1, which are the two closest RRHs to the UE. For instance, even-numbered RRHs would transmit TRS1 whereas odd-numbered RRHs would transmit TRS2.  
1. The UE is configured with two TRSs, each corresponding to one of the two neighboring RRHs surrounding the UE. The UE would be able to estimate the Doppler shifts of the channels from both RRHs.
Note that one TCI state that would specify the QCL relationship corresponding to the two TRSs with the DMRS port(s) would not suffice, and thereby at least two TCI states should be indicated in the triggering DCI.
One TCI state would not suffice to indicate the QCL relationship between the two TRSs and the set of PDSCH DMRS port(s).
One way to link the Doppler of the two TRSs with the PDSCH DMRS port(s) is via using one TCI codepoint in the triggering DCI to indicate two TCI states, each corresponding to one of the two TRSs transmitted from the RRHs. The TCI state would indicate the QCL relationship between one TRS and the DMRS port(s) received. The QCL relationship can be of Type A (in addition to Type D for FR2). 
1. One TCI codepoint referring to two TCI states is needed to indicate the QCL relationship between the two TRSs and the set of PDSCH DMRS port(s).
Now, given that the Doppler of the channels from the two neighboring RRHs is estimated from the TRSs, in order to decode the channels H1 and H2 from both RRHs, different DMRS symbols from the two RRHs should be identified. Instead of triggering two sets of DMRS port(s) for both RRHs, one can partition the DMRS symbols for each DMRS port under a given DMRS configuration into two disjoint subsets of DMRS symbols, where the partitioning is pursued separately for each DMRS port. One example of such partitioning is provided in Figure 3 for a single-layer transmission with front-loaded single-symbol DMRS with 3 additional symbols. The DMRS symbols that are shaded in orange are transmitted from RRH1, whereas the DMRS symbols shaded in green are transmitted from RRH2, where the aggregate of both DMRS symbol transmission constitutes a conventional DMRS configuration under SFN. Note that each of the sets of the DMRS symbols correspond to one of the two TRSs transmitted, from which the QCL relationship is inferred from each of the TCI states. 

[image: ]
[bookmark: _Ref47553805]Figure 5: Example of a DMRS pattern for a front loaded single-symbol DMRS with 3 additional symbols
The channels from both RRHs can be estimated from one PDSCH DMRS via partitioning the DMRS symbols into two sets to be transmitted from each RRH in a predefined manner.
1. Partition the DMRS symbols into two disjoint sets, each transmitted from a separate RRH, where the DMRS symbols of each set are QCLed with one of the two TRSs transmitted, and the QCL relationship is indicated via each of the TCI states referenced by the TCI codepoint in the DCI.
Given the aforementioned deployment, the UE would be able to estimate individually both H1 and H2 (with possibly less precision due to the DMRS symbols partitioning) and re-create the aggregate H1+H2 channel for demodulating the SFN PDSCH transmission. 
Note that another perspective for the problem should be carefully considered. It is clear from Table 1 that the effect of high mobility takes a heavier toll on a UE in FR2 than in FR1. When the Doppler spread is relatively small, neighboring RRHs may transmit separate TRSs for the UE to estimate the channels to these RRHs and transmit the DMRS in SFN manner. Two TCI states may be assigned to the DMRS in this case. When the Doppler spread gets larger, especially in FR2 where the Doppler spread reaches almost a quarter (23%) of the subcarrier spacing, the performance of DMRS mapped to two TCI states need to be carefully evaluated. If the performance of DMRS degrades with Doppler spread beyond a reasonable range, it may be necessary to have separate DMRS ports transmitted from the RRHs. Two TCI states will apply to two subsets of DMRS ports transmitted in different CDM groups, similar to Rel. 16 single-DCI multi-TRP PDSCH transmission. How two TCI states can be applied to the DMRS ports needs careful evaluation under different carrier frequency and mobility assumptions. 
How two TCI states are applied to the DMRS port(s) needs detailed evaluation.
Note that having two TCI states being applied to the same set of DMRS port(s) leads to a new configuration of PDSCH transmission, which differs from the Rel. 16 single-DCI multi-TRP transmission where the two TCI states apply to separate DMRS CDM groups. Additional details regarding the DCI format, the CSI configuration, measurement and feedback, and the PDSCH transmission need to be addressed. Although CSI reporting enhancements for multi-TRP in Rel. 17 are being developed in a separate AI (8.1.4), it should incorporate the HST-SFN case as well.
1. A new PDSCH transmission configuration needs to be defined based on Rel. 16 single-DCI multi-TRP PDSCH transmission of Rel. 16, including remaining details of the DCI format, CSI configuration and feedback, and PDSCH transmission.
Conclusion
This contribution addressed HST-SFN enhancements for NR Rel. 17, including the Doppler spread issue, remaining issues on simulation assumptions and proposals addressing the TCI framework for HST SFN. We have the following observations:
1. Conventional HST SFN deployment may lead to performance degradation at high speeds due to the difficulty of tracking the time-varying channels from multiple RRHs.
1. Addressing HST-SFN solutions for FR1 and FR2 simultaneously may be challenging due to the key differences in channel model and potentially different solutions to the problem.
1. Deployments with unidirectional antennas at the RRHs incur small Doppler spread values compared with deployments with bi-directional antennas at the RRHs.
1. Considering multiple optional features of the simulation may not be beneficial and would reduce the significance of simulation results, since it would be hard to trace the impact of each feature separately.
1. One TCI state would not suffice to indicate the QCL relationship between the two TRSs and the set of PDSCH DMRS port(s).
1. The channels from both RRHs can be estimated from one PDSCH DMRS via partitioning the DMRS symbols into two sets to be transmitted from each RRHs in a predefined manner.
1. How two TCI states are applied to the DMRS port(s) needs detailed evaluation.
Based on the observations above, we have reached the following conclusions:
1. Prioritize HST-SFN deployment solutions for FR1.
1. The HST-SFN WI should focus on deployments with bi-directional antenna at RRHs.
1. Adopt a basic model for HST-SFN simulation, enhancing the model for specific deployments with additional simulation results including no more than one additional feature.
1. The UE is configured with two TRSs, each corresponding to one of the two neighboring RRHs surrounding the UE. The UE would be able to estimate the Doppler shifts of the channels from both RRHs.
1. One TCI codepoint referring to two TCI states is needed to indicate the QCL relationship between the two TRSs and the set of PDSCH DMRS port(s).
1. Partition the DMRS symbols into two disjoint sets, each transmitted from a separate RRH, where the DMRS symbols of each set are QCLed with one of the two TRSs transmitted, and the QCL relationship is indicated via each of the TCI states referenced by the TCI codepoint in the DCI.
1. A new PDSCH transmission configuration needs to be defined based on Rel. 16 single-DCI multi-TRP PDSCH transmission of Rel. 16, including remaining details of the DCI format, CSI configuration and feedback, and PDSCH transmission.
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