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1 Introduction

In RAN #84 meeting a new WI on further performance enhancements for NR in high speed scenarios was approved [1]. The objectives of this WI related to the demodulation requirements are as follows:
	· Investigate and specify the following scenarios: 

· NR SA single carrier scenario.

· Study the EN-DC scenario considering the LTE HST performance.

· The channel model: 

· HST-SFN scenarios, i.e. multiple RRHs connecting to one BBU. The channel model for HST-SFN will be discussed in this WI.

· HST single tap channel model 
· Other channel models are not precluded

· The maximum Doppler frequency will be investigated and determined based on operating frequency, velocity and the NR design limitations for all UL/DL physical channels.
· The carrier frequency is up to 3.6GHz covering both TDD and FDD.

· The feasibility of supporting speeds of up to a maximum of 500km/h will be investigated. The actual maximum supported velocity at 3.6GHz will be decided in this WI.

…

· Specify the UE demodulation requirements and test cases for NR PDSCH 

· Other requirements are not precluded if needed. 


In accordance to the outcome of prior RAN4 studies for LTE HST scenarios, the performance depends on the underlying deployment and channel model assumptions. Both HST single tap and HST-SFN scenarios are considered in the NR HST WI scope. In this paper we present initial views on the UE demodulation performance for HST-SFN scenarios. The focus of the work is to investigate identified high speed scenarios and analyse maximum supported Doppler frequency by some preliminary simulation results. In the companion paper [2] we present our views on HST single tap scenarios.
2 Discussion
2.1 LTE HST-SFN scenario
High speed train single frequency network (HST-SFN) deployments were extensively studied as a part of LTE Rel-13/14 LTE HST SI and WI and an ongoing Rel-16 LTE HST WI. In HST-SFN deployments UE is connected to a single base station including multiple RRHs deployed along the railways (Figure 1). Multiple RRHs are connected to one BBU and share the same cell ID. All RRHs are transmitting DL signals in an SFN manner. Such SFN deployments are mainly used to resolve inter-cell RRM issues, which may happen due to frequent handover between neighbouring cells in scenarios with non-SFN (Single RRH) transmission. 
Observation #1: One of the key motivations for using SFN transmission in LTE for multi-RRH HST deployments is to avoid possible handover issues which may happen in scenarios with single RRH transmission.
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Figure 1. Multi-RRH HST-SFN deployment
The HST deployments are typically characterized using the following parameters: the number of RRHs per BBU, the RRH to RRH distance (DS) and RRH to railway track distance (Dmin). During the LTE SI stage scenarios related to open space and tunnel environment were analysed. The main parameters of these deployments provided by operators are summarized in Table 1.

Table 1. Parameters for SFN deployment

	Scenario/Parameters
	Description
	DS
	Dmin

	Open Space
	2 or 4 RRHs connect to 1 BBU
	1000 m
	50 m

	Tunnel
	2 or 4 RRHs connect to 1 BBU
	500 m
	5 m


For LTE technology RAN4 made detailed studies and investigations of UE performance for the HST-SFN deployments. The initial studies were conducted in the scope of Rel-14 LTE HST SI and summarized in the TR 36.878. During the work it was identified that DL demodulation performance degrades under assumption of using conventional RX processing and therefore multiple enhancements were considered to improve DL operation. Below we summarize the considered enhancements based on description in [3]:
· Advanced Receiver: In the SFN scenario with the omnidirectional antenna (or alike) or separate antennas covering one of two directions per site, the relative powers of two taps of the received signal are comparable, and the Doppler frequencies for them are very high and with the opposite signs, when UE is located around in the middle of two RRHs. The significant downlink performance degradation is observed for the legacy UE, which can only track the single Doppler shift and may assume the Jake’s spectrum for Doppler spread, because of the imperfect frequency tracking and channel estimation. To meet the challenge, the potential solution is to improve UE performance algorithm under the SFN. The advanced receiver assumes the existence of multiple Doppler shifts and is able to estimate them by utilizing the enhanced algorithms. The advanced receiver is able to properly track the frequency to adjust its own oscillator to keep synchronization by assuming the existence of multiple Doppler shifts. The advanced receiver can conduct the proper interpolation for the channel estimation especially in time domain.
· BS frequency pre-compensation: In this solution BS will determine the downlink Doppler frequency to be compensated by estimating the uplink Doppler frequency using the uplink signal, e.g., PUCCH and PUSCH, and then compensate the frequency per RRH before transmitting in downlink.
· Unidirectional SFN deployment: The Unidirectional SFN scenario is based on a network deployment where directional antennas are used and where it therefore can be controlled at which point a UE leaves one beam and enters the next. The intention is to provide a stable downlink carrier frequency as experienced by the UE when travelling at high speed. This can be achieved by arranging the RRHs in such manner that the strongest signal received by the UE has a nearly constant Doppler shift without sign-alternation. A stable downlink frequency as experienced by the UE leads to that uplink transmissions from the same UE are received by the RRHs with a nearly constant frequency offset. Additionally, all UEs travelling onboard the same train share the same Doppler and frequency offset characteristics. 
· HST RRH with distributed orthogonal antenna ports: Alternative solution to improve UE demodulation performance in the HST SFN deployments is to use a combination of the SFN data signal (e.g. PDSCH) transmissions from different RRHs and orthogonal non-SFN reference signal transmission from different RRHs on orthogonal antenna ports (Distributed Orthogonal Antenna Ports). A HST enhanced UE (HeUE) may estimate the propagation channel and channel statistics including power delay profile, frequency and time offsets for each RRH separately using the reference signal and use this information to improve the demodulation of the combined SFN data signal.

Observation #2: The following candidate enhancements were considered to improve LTE HST-SFN performance 

· Advanced Receiver

· BS frequency pre-compensation

· Unidirectional SFN deployment

· HST RRH with distributed orthogonal antenna ports

As a part of the Rel-14 LTE HST WI the HST-SFN performance requirements were introduced under assumption of using enhanced receivers optimized for FO tracking and CE under SFN conditions. However, no reference receiver assumptions were agreed and the details were left up to UE implementation. In Rel-14 LTE HST WI UE performance requirements were introduced for the “4-tap” HST-SFN model and for the 875 Hz maximum Doppler frequency case. In Rel-16 LTE HST WI additional requirements for higher Doppler frequency (up to 972 Hz) are planned to be defined similarly under assumption of using enhanced UE algorithms. Other possible enhancements identified in LTE HST SI were not introduced.
Observation #3: LTE HST-SFN performance requirements are defined for the case of advanced receiver and defined for up to 875 Hz maximum Doppler frequency. 

2.2 Views on NR HST-SFN scenario
In accordance to the NR HST WID, RAN4 is tasked to study performance under “HST-SFN scenarios, i.e. multiple RRHs connecting to one BBU”. Below we share views on the scope of work and provide initial proposals.
Deployment scenarios
LTE deployment parameters can be reused for NR studies as a starting point. Meantime, further operator’s inputs on the expected NR multi-RRH HST deployments are recommended to be provided in a way to ensure that RAN4 requirements are defined for practically viable scenarios. It is suggested to perform initial evaluations for the open-space deployments with 2 and 4 RRHs per BBU.
In LTE both bi-directional and unidirectional scenarios were investigated and have different underlying assumptions on the RRH antennas directivity. In general, unidirectional deployments can be considered as a candidate approach to improve the performance. However, in accordance to LTE discussions one of the key problems is that certain operators may already have bi-directional SFN deployments (with quasi-omnidirectional antennas). So, assuming that bi-directional case is more challenging in terms of UE implementation, it is recommended to focus on the bi-directional scenarios at least at initial stage.

Proposal #1:
Reuse LTE HST-SFN deployment parameters as a starting point for NR studies. 
Maximum speed and max Doppler frequency

In Rel-14 LTE HST WI UE performance requirements for HST-SFN scenarios were introduced for 875 Hz maximum Doppler frequency. In Rel-16 LTE HST WI additional requirements for higher Doppler frequency up to 972 Hz are planned to be defined. In Rel-16 NR HST WI the maximum considered Doppler frequency is expected to be limited by 1666 Hz which corresponds to the 3.6GHz carrier frequency and 500km/h train speed. Same time the NR HST WID does not provide the exact Doppler frequency to be used to define the requirements and RAN4 shall investigate the maximum Doppler frequency taking into account the NR design limitations for all UL/DL physical channels. It is expected that NR shall support Doppler frequencies at least not less than LTE systems. Therefore, it is suggested that RAN4 shall study Doppler frequency in the range from 1 kHz (LTE-like) and up to 1.6 kHz in application to HST-SFN scenarios. 

Proposal #2:
Further study max Doppler frequency in the range from 1.0 kHz to 1.6 kHz in application to HST-SFN scenarios.

Subcarrier spacing

DL signal SCS has direct impact on the maximum supported frequency and speed and proper SCS selection shall be considered. NR FR1 supports 15kHz and 30kHz SCS as mandatory features, while 60kHz SCS is defined as an optional feature. It is suggested to focus the studies to enable operation for 15kHz and 30kHz SCS scenarios at least in the initial stage of work. 
Proposal #3:
Investigate demodulation performance for 15 kHz and 30 kHz SCSs.
SFN vs non-SFN operation
Multi-RRH HST deployment may in principle support SFN and non-SFN operation (Figure 2).
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Figure 2. SFN and non-SFN multi-RRH operation

One of the key issues addressed via using SFN in LTE HST deployments was frequent HO between the cells. Same time, such SFN transmission was identified to be very challenging from the UE demodulation performance perspective and multiple enhancements were considered to avoid performance degradation. NR naturally supports multi-beam operation which well-suits target multi-RRH deployments connected to a single BBU and sharing a same cell ID. For instance, multiple RRHs may share a same cell ID but at the same time the DL signals are not required to be transmitted in a SFN manner. Different RRHs can be assigned to represent different beams and a regular NR beam management approach can be adopted. For instance, different RRHs can be assigned to operate using different SS block resources/positions. Alternatively, SS/PBCH transmission can be done in SFN manner with a single SS block position, while CSI-RS based beam management can be used with different CSI-RS assigned for transmission from different RRHs. The PDSCH can be transmitted in non-SFN manner using RRH corresponding to the best DL beam. 
As shown in section 2.3 under investigated scenarios non-SFN operation may be more beneficial comparing to SFN from the performance perspective. Therefore, overall benefits of SFN operation shall be further assessed. It is recommended to further conduct a detailed study NR HST operation for the non-SFN deployments and compare pros/cons of using SFN transmission under multi-RRH HST deployments. 
Overall, it is expected that HST network operation shall not be limited to either SFN or non-SFN operation. To improve network flexibility it can be beneficial for the network to support both SFN and non-SFN operation using multi-beam operation approach (e.g. different TCI states can be associated with SFN or non-SFN operation) and respective deployments shall be considered in future RAN4 studies. Under such networks, the gNB shall be capable to select the best operating mode for the particular UE.
Proposal #4:
Further study performance of non-SFN and SFN operation for multi-RRH HST deployments.
Proposal #5:
Further study NR HST networks capable of simultaneous SFN and non-SFN operation. 
Candidate SFN enhancements
In accordance to the LTE studies outcome regular UE without specific HST-SFN enhancements will likely experience substantial performance degradation due to HST-SFN channel specifics and unique Doppler spectrum profile. Therefore, a number of LTE-like enhancements are suggested to be considered:

· Enhanced receiver: LTE-like SFN optimized implementations can be considered as the starting point. The optimized receiver is expected to know that it operated in HST-SFN conditions and adjust channel estimation and FO tracking algorithms to improve the performance.
· BS frequency pre-compensation: Similar to LTE, BS frequency pre-compensation can be considered. In the latter case regular conventional UE can be considered.
· Distributed (non-SFN) RS transmission: HST RRHs with distributed orthogonal antenna ports were considered as one of the possible approaches to improve the performance under LTE HST-SFN deployments [3]. The main idea of the solution is to use a combination of the SFN PDSCH signal from different RRHs and orthogonal non-SFN DMRS transmission from different RRHs on orthogonal antenna ports. In the latter case UE may estimate the propagation channel and channel statistics including power delay profile, frequency and time offsets for each RRH separately using the reference signals and use this information to improve the demodulation of the combined SFN data signal. For instance, in case of non-SFN DMRS transmission UE can estimate the channel for each tap and then perform combining of estimates to derive an SFN channel estimate. In case of non-SFN TRS transmission UE can estimate the general channel characteristics including FO and tap power which can be further used to optimize the demodulation performance.
Proposal #6:
Further study the following candidate enhancements for NR HST-SFN scenarios
· Enhanced UE receiver

· BS frequency pre-compensation

· Non-SFN RS transmission (non-SFN DMRS transmission and SFN PDSCH transmission)
Network assistance
In LTE additional network assistance was introduced to inform UE on the HST-SFN conditions. Further discussion on NR signalling details is needed taking into account agreed enhancement solutions. 

2.3 Initial simulation results
To analyze demodulation performance for SFN and Non-SFN scenarios and compare performance with different proposed enhancements we present link-level simulation results below for different MCS values. For max Doppler frequency we used 1666 Hz which corresponds to 500 km/h and 3.6 GHz carrier frequency. Detailed simulation assumptions are provided in Annex. 

First of all, we evaluate the performance in 4-tap HST SFN scenario for the case of using conventional Rel-15 NR UE receiver without any optimizations for the SFN conditions and compared vs ideal channel estimation case (Figure 3).   
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Figure 3. Demodulation performance of conventional UE in HST SFN 4-tap scenario


Observation #4: Conventional UE receive algorithms provide poor demodulation performance for 15 kHz and 30 kHz SCS and cannot be used in HST SFN scenario
Enhanced receiver
The same demodulation performance with conventional UE receive algorithms was observed in LTE for smaller max Doppler frequencies, and therefore special signaling was introduced to notify UE to switch to advanced demodulation algorithms, which can properly estimate propagation channel in such extreme propagation conditions. Same time max Doppler frequency in NR Rel.-16 HST is higher and we cannot guarantee that enhanced LTE-like receiver will be provide good demodulation performance especially for 15 kHz SCS. In the Figure 4 we provide simulation results for LTE-like enhanced receiver for 15 kHz and 30 kHz SCS.
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	Figure 4. Demodulation performance of LTE-like Enhanced receiver in HST SFN 4-tap scenario 


Observation #5: LTE-like enhanced receiver in HST SFN 4-tap scenario with 1666 Hz max Doppler frequency

· 15 kHz SCS: Enhanced receivers do not guarantee reliable operation for higher modulation orders incl. 16QAM and 64QAM due to strong ICI and reduced CE accuracy. 

· 30 kHz SCS: Enhanced receivers can reach max throughput for all considered MCSs with some performance degradation compared to perfect channel estimation case.
Based on the observations above, it is difficult to make a clear conclusion on the benefits and applicability of advanced receive demodulation algorithms in HST SFN scenario with 1666 Hz max Doppler frequency and additional studies are needed to identify the feasible Doppler frequency which allows reliable operation for 15kHz SCS.

Non-SFN DMRS transmission
One of the possible enhanced solution in HST SFN scenario, which was mentioned above, is using distributed Non-SFN DMRS transmission. In the Figure 4 we provide demodulation performance comparison of Non-SFN RS transmission scenario and SFN scenario for 2-Tap channel model. From transmitter point of view for the first case we used 2 DMRS ports, which are distributed between RRHs. For UE we assume independent channel estimation per each antenna port and proper further combining for channel estimation on data resource elements, which is transmitted in SFN manner. For SFN scenario we used enhanced LTE-like receiver.   
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	Figure 4. Demodulation performance comparison of SFN and Non-SFN RS transmission scenarios in HST 2 tap scenario


Observation #6: Non-SFN RS transmission

· 15 kHz SCS: Non-SFN RS approach provides better performance than SFN for all scenarios. Large ICI slightly limits the approach performance in 64QAM.

· 30 kHz SCS: Non-SFN RS approach provides better performance than SFN for all considered MCSs.
SFN vs Non-SFN 
In multi RRH deployment NR may support both SFN and Non-SFN operation scenarios and further comparison study of the Non-SFN transmission under multi-RRH HST deployments are needed. In Figure 5 we provide initial comparison from demodulation performance point of view assuming 4-tap channel model. For both scenarios practical channel estimation was assumed. In order to make proper performance comparison under SFN and non-SFN conditions we re-use the SFN channel model assumptions for Non-SFN case but perform the DL transmission from only the RRH corresponding to the strongest channel tap.  
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	Figure 5. Demodulation performance comparison of SFN and Non-SFN Data transmission scenarios in HST Multi RHH Scenario


Observation #7: Non-SFN transmission mode provides better performance than SFN transmission for both 15 kHz and 30 kHz SCSs scenarios
3 Conclusions

In this contribution we provided our view on the UE demodulation performance for HST-SFN scenario, which generally in NR may be considered as a multi RRH scenario that supports both SFN and Non-SFN transmission. We analysed demodulation performance for traditional SFN scenarios and observed that conventional UE receiver cannot properly work and some enhancements are needed to provide good performance in multi RRH deployment. Similar observation was made during the LTE HST study and performance requirements were defined under assumption of using advanced UE receiver which can provide good channel estimation accuracy in HST-SFN scenario. Same time the target NR HST max Doppler frequency is much higher than in LTE and applicability of advanced receiver solution becomes questionable. Our evaluations show that demodulation performance of advanced UE receiver is limited for such high Doppler frequency and other enhancement methods may be required. Non-SFN RS transmission by using distributed between RRHs orthogonal antenna ports has potential ability to improve demodulation performance and further analysis to clarify advantages and disadvantages of using this scenario is needed. Also, in multi RRH deployment NR can support Non-SFN data transmission and beam management procedure may be used in order to avoid frequent handover and potential RLF, which was the main reason to use SFN deployment in LTE. For this scenario initial analysis has shown that better demodulation performance can be observed comparing to SFN data transmission. 
In summary, we make the following proposals:
Proposal #1:
Reuse LTE HST-SFN deployment parameters as a starting point for NR studies. 
Proposal #2:
Further study max Doppler frequency in the range from 1.0 kHz to 1.6 kHz in application to HST-SFN scenarios.

Proposal #3:
Investigate demodulation performance for 15 kHz and 30 kHz SCSs.
Proposal #4:
Further study performance of non-SFN and SFN operation for multi-RRH HST deployments.
Proposal #5:
Further study NR HST networks capable of simultaneous SFN and non-SFN operation. 

Proposal #6:
Further study the following candidate enhancements for NR HST-SFN scenarios
· Enhanced UE receiver

· BS frequency pre-compensation

· Non-SFN RS transmission (non-SFN DMRS transmission and SFN PDSCH transmission)

References
[1] RP-191512 “New WID on NR support for high speed train scenario”, CMCC, RAN #84, June 2019
[2] R4-1908204 “Views on the demodulation requirements for NR HST single tap scenario”, Intel Corporation, RAN4 #92, August 2019
[3] 3GPP TR 36.878 “Study on performance enhancements for high speed scenario in LTE”
Annex A
Table 2. Simulation assumptions

	
	Scenario with conventional UE receiver
	Scenario with enhance UE receiver
	Non-SFN RS transmission scenario
	Non-SFN data transmission

	Duplex mode
	FDD
	FDD
	FDD
	FDD

	Channel bandwidth and SCS
	10 MHz + 15 kHz;
20 MHz + 30 kHz
	10 MHz + 15 kHz;

20 MHz + 30 kHz
	10 MHz + 15 kHz;

20 MHz + 30 kHz
	10 MHz + 15 kHz;

20 MHz + 30 kHz

	Antenna configuration
	1x2 low antenna correlation
	1x2 low antenna correlation
	1x2 low antenna correlation
	1x2 low antenna correlation

	PDSCH mapping
	Type A
	Type A
	Type A
	Type A

	DMRS configuration
	Type I, single symbol, 3 add. DMRS
	Type I, single symbol, 3 add. DMRS
	Type I, single symbol, 3 add. DMRS
	Type I, single symbol, 3 add. DMRS

	TRS configuration
	10 ms periodicity, 2 slots pattern
	10 ms periodicity, 2 slots pattern
	10 ms periodicity, 2 slots pattern
	10 ms periodicity, 2 slots pattern

	FRC candidates
	MCS 6, Rank 1
	MCS 6/12/17 Rank 1
	MCS 6/12/17 Rank 1
	MCS 6/12/17 Rank 1

	Channel model
	HST SFN 4-tap bidirectional 
	HST SFN 4/2-tap bidirectional
	HST SFN 2-tap bidirectional
	HST SFN 4-tap bidirectional

	Receive processing assumptions
	Traditional MMSE CE
	Enhance receiver
	Traditional MMSE CE with proper AP combining
	Traditional MMSE CE
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