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Introduction
In RAN4 #98e meeting WF on NR support of HST FR2 operation was agreed[1]. There were several agreements related to analysis on max supported UE velocity:
	· [bookmark: _Hlk61651764]Numerology considered for maximum supported speed: 
· For FR2 HST evaluations and possible performance requirements definition: 
· Only consider 120kHz SCS as baseline assumption. 
· FFS the maximum supported speed from DL demodulation perspective
· FFS the maximum supported speed from UL demodulation perspective
· FFS under bi- and uni-directional deployment. 
· FFS the possible higher supported speed for uni-directional deployment.
· FFS Frequency error of +/-0.1ppm should be taken into consideration for both UL and DL.


In this paper we provide our view on max supported UE velocity from demodulation performance perspective. Both DL and UL limitations are considered. In our companion papers we also address UE and BS demodulation requirements scope [2][3]. 
[bookmark: _Hlk61630765]Discussion
DL max supported UE velocity
Max supported UE velocity depends on UE frequency tracking capability and Doppler frequency profile which is determined by deployment configurations. For different deployments there are different limitation factors. Below we discussed propagation conditions for DL bidirectional and unidirectional deployments with DPS and JT schemes. 
DL scenarios
DL Unidirectional
In unidirectional deployments due to high Tx directivity we can assume that propagation conditions are determined by single RRH at each time and switching from one RRH to another is performed around each TRP. In this case we can characterize channel model as a single tap model with continuous Doppler frequency changes when UE served by a certain RRH and instantaneous frequency jump is observed when switching to another RRH is performed. In the worst case, this frequency jump equals to max Doppler shift frequency.
Max frequency offset that should be handled in baseband depends on exact Tx scheme. In DPS Tx scheme the switching from one RRH to another is performed by different SSBs assigned for different RRHs. Considering quite good SSB based frequency offset estimation limitation we can assume that only residual frequency error needs to be handled after switching point in with DPS Tx schemes (Figure 1a).
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	Figure 1a. Unidirectional DPS scenario


In JT scheme there is no SSB based switching from one RRH to another since different RRHs share same SSB index (Figure 1b). In this case any Doppler shift changes should be handled by DL RS. 
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	Figure 1b. Unidirectional JT scenario




DL Bidirectional
In case of two panel UE in bidirectional deployment the switching from one RRH to another is performed in the middle point between RRHs. Since we assume that UE cannot operate with two panels simultaneously it is reasonable to assume single Rx chain and single LO. In this case frequency jump of double Doppler shift appears when UE performs Rx beam switching independently of Tx scheme (Figures 1c-1d).
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	Figure 1c. Doppler trajectory for Unidirectional deployment and Bidirectional with single panel UE deployment
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	Figure 1d. Doppler trajectory for Bidirectional with two panel UE deployment



As for Tx scheme comparison in bidirectional deployment, the same logic is applied to frequency offset estimation. In case of DPS Tx scheme UE need to handle residual frequency error after SSB based beam switching. With JT scheme Double max Doppler frequency estimation should be handled by DL RS.
In the worst case as JT scheme (from frequency offset tracking), in unidirectional deployment DL RS should be able to estimate max Doppler shift frequency in order to provide seamless user connectivity. For bidirectional deployment, the requirements on frequency estimation capability is two times tighter. In Table 1 we present summary on DL limitations for each possible pair of deployment and Tx scheme. 

Table 1. Summary of DL limitations for HST FR2 deployment
	
	DPS
	JT

	Unidirectional:
Max Doppler frequency
	(Different SSB among different RRHs) – Doppler frequency is estimated by SSB and residual error by DL RS.
	(Same SSBs among different RRHs) DL RS based frequency offset tracking

	Bidirectional: 
2x Max Doppler frequency
	(Different SSB among different RRHs) – Doppler frequency is estimated by SSB and residual error by DL RS.
	(Same SSBs among different RRHs) DL RS based frequency offset tracking


Observation #1: JT scheme imposes main limitation factor on max supported UE velocity from DL perspective in HST FR2 scenario. With this scheme in unidirectional deployments UE needs to handle Max Doppler frequency by DL RS and in bidirectional deployments – double max Doppler frequency.
DL limitations
Frequency estimation limitation
In general, different RSs can be used for DL FO tracking including TRS (i.e. CSI-RS for tracking), PDSCH DMRS and PDSCH PTRS support of which is mandatory with capability signalling for FR2. The maximum frequency which can be handled/estimated is limited by the RS configuration and subcarrier spacing. In Table 2 we present theoretical limits of maximum estimated frequency offset for each RS in DL. Relative TRS separation is always 4 symbols. For DMRS, depending on number of additional DMRS symbols from 3 to 8 symbols separation can be configured for 14 symbols slot length. According to Section 7.4.1.2 in TS 38.211, the number of PT-RS symbols per slot is determined by PTRS density in time LPTRS, which allows to configure PTRS in every symbol, in every second or in every fourth symbols.

[bookmark: _Ref61638104]Table 2. DL RS estimation capability with 120 kHz SCS
	RS
	Estimation capability

	
	

	TRS
	14000 Hz

	PDSCH with 3 add. DMRS
	18666 Hz

	PDSCH with 2 add. DMRS
	14000 Hz

	PDSCH with 1 add. DMRS
	7000 Hz

	PTRS with LPTRS = 1
	56000 Hz

	PTRS with LPTRS = 2
	28000 Hz

	PTRS with LPTRS = 4
	14000 Hz


[bookmark: _Ref61638130]
In Tables 3-4 we present DL frequency error for different UE speeds on 30 GHz carrier frequency in case when frequency error is limited by Doppler shift frequency (Unidirectional deployment). Results with and without UE frequency error as 0.1 PPM are presented.
Table 3. DL frequency error in case of unidirectional deployment vs UE speed for 30 GHz Carrier frequency (without UE frequency error)
	Speed, km/h
	150
	200
	250
	300
	350
	400
	450
	500

	DL Frequency Error (without UE frequency error), Hz
	4167
	5556
	6944
	8333
	9722
	11111
	12500
	13889



Table 4. DL frequency error in case of unidirectional deployment vs UE speed for 30 GHz Carrier frequency (with UE frequency error)
	Speed, km/h
	150
	200
	250
	300
	350
	400
	450
	500

	DL Frequency Error (with 0.1PPM UE frequency error), Hz
	4767
	8556
	9944
	11333
	12722
	14111
	15500
	16889


Observation #2: In HST FR2 unidirectional deployments with 120 kHz SCS from DL perspective:
· Without/With UE frequency error:
· System can work in scenarios with 30GHz carrier frequency and 350km/h speed and frequency tracking can be performed by any DL RS.
· DMRS and PTRS based frequency tracking allows to support at least up to 500 km/h UE speed

Scenario with single panel UE in bidirectional deployments is mainly same as unidirectional since switching in this case performed near the one of the RRHs. Therefore, same observations as for unidirectional deployment are applied for bidirectional for UEs with single panel.

For bidirectional deployment when UE equipped with two panels the limitation factor on max supported speed is determined by instantaneous frequency change in the middle point between two RRHs. For multi HST-RRH deployment this frequency error equals to   
	
	(1)


where ∆FDoppler – max Doppler frequency between 2 taps, FDoppler,max – max Doppler shift frequency in channel, Ds – inter RRH distance, Dmin – distance to the railway track. 
In Tables 5-6 we present evaluations of max frequency error for different deployments and UE speeds at 30 GHz carrier frequency according to equation 1.
Table 5. DL error for bidirectional deployment with 2 panel UE for different deployment configurations vs UE speed (Without UE frequency error)
	
	150 km/h
	200 km/h
	250 km/h
	300 km/h
	350 km/h

	Option A: 700m; 10m
1.9992∙FDoppler,max
	8330 Hz
	11107 Hz
	13883 Hz
	16660 Hz
	19437 Hz

	Option B: 700m; 150m
1.8383∙FDoppler,max
	7660 Hz
	10213 Hz
	12766 Hz
	15319 Hz
	17872 Hz



Table 6. DL error for bidirectional deployment with 2 panel UE for different deployment configurations vs UE speed (With UE frequency error)
	
	150 km/h
	200 km/h
	250 km/h
	300 km/h
	350 km/h

	Option A: 700m; 10m
1.9992∙FDoppler,max
	11330 Hz
	14107 Hz
	16883 Hz
	19660 Hz
	21437 Hz

	Option B: 700m; 150m
1.8383∙FDoppler,max
	10660 Hz
	13213 Hz
	15766 Hz
	18319 Hz
	20872 Hz


Observation #3: From DL perspective in HST FR2 bidirectional deployments with 120 kHz SCS and under assumption of two panels UE:
· Without UE frequency error:
· System can work in both deployments at 350km/h speed under assumption of PTRS based estimation and density of PTRS is not less than 2. Also, with DMRS based frequency tracking and 3 additional DMRS symbols system can operate at 350 km/h UE speed in deployment B.
· With UE frequency error:
· System can work in both deployments at 350km/h speed only under assumption of PTRS based estimation and density of PTRS is not less than 2
Comparing different scenarios in DL we can conclude that supporting of 350 km/h at 30 GHz carrier frequency is possible. Same time, not all DL RSs are suitable for all deployments and SCS. In the previous meeting the following approaches were proposed for consideration:
	· Reference signal(s) to be used for frequency offset tracking: 
· Option-1: TRS (4 symbol interval)
· Option-2: DMRS (1+1+1)
· Option-3: TRS + PT-RS (1 and 2 symbol interval)


Based on obtain results we can conclude the following:
Proposal #1:	Assume the following reference signal(s) for DL frequency offset tracking:
· For unidirectional deployment TRS, DMRS or TRS + PTRS
· For bidirectional deployment TRS+ PTRS

UL max supported UE velocity
Frequency estimation limitation
UL propagation conditions is single tap channel model regardless of deployment configuration (unidirectional or bidirectional) and Tx scheme (JT or DPS). The max frequency error in UL at the gNB RX side is double Doppler shift frequency assuming ideal UE frequency tracking. For Doppler shift frequency 9722 Hz for the case of 30 GHz carrier frequency and 350km/h speed the total frequency error upper bound in UL is equal to at least 19.444 kHz.
The maximum frequency which can be handled/estimated is limited by the RS configuration and subcarrier spacing. In Table 7 we present theoretical limits of maximum estimated frequency offset for each RS in UL. 
[bookmark: _Ref16255784][bookmark: _Ref61638188]Table 7. Maximum estimated frequency error in UL
	RS
	Estimation capability

	
	

	PUSCH with 3 add. DMRS
	18666 Hz

	PUSCH with 2 add. DMRS
	14000 Hz

	PUSCH with 1 add. DMRS
	6222 Hz

	PTRS with LPTRS = 1
	56000 Hz

	PTRS with LPTRS = 2
	28000 Hz

	PTRS with LPTRS = 4
	14000 Hz


In Tables 8-9 we present UL frequency error for different UE speeds on 30 GHz carrier frequency with and without considering UE tracking error.  
Table 8. UL frequency error vs UE speed for 30 GHz Carrier frequency (Without UE frequency error)
	Speed, km/h
	150
	200
	250
	300
	350

	UL Frequency Error (without UE tracking error)
	8333
	11111
	13889
	16667
	19444



Table 9. UL frequency error vs UE speed for 30 GHz Carrier frequency (With UE frequency error)
	Speed, km/h
	150
	200
	250
	300
	350

	UL Frequency Error (without UE tracking error)
	11333
	14111
	16889
	19667
	21444


Observation #5: From UL perspective, HST FR2 with 120 kHz SCS 
· Without UE frequency error:
· System can work in scenarios with 30GHz carrier frequency and 350km/h speed only when PTRS are present in every or in every second OFDM symbol. 
· Maximum theoretical supported UE speed for scenarios with 120 kHz SCS when PTRS are not present is less than 350 km/h
· With UE frequency error:
· System can work in scenarios with 30GHz carrier frequency and 350km/h speed only when PTRS are present in every or in every second OFDM symbol. 
· Maximum theoretical supported UE speed for scenarios with 120 kHz SCS when PTRS are not present is less than 300 km/h

In the previous meeting the following approaches were proposed for consideration:
	· Reference signal(s) to be used for frequency offset tracking: 
· Option-1: DM-RS (1+1+1) only
· Option-2: PT-RS (1 or 2 or 4) + DMRS
· Option-3: PT-RS (1 or 2 or 4)


Based on obtain results we can conclude that to support 350 km/h UE speed in UL, PTRS based frequency tracking should be assumed.
Proposal #2:	Assume the following reference signal(s) for UL frequency offset tracking: PTRS or DMRS + PTRS where PTRS density is not less than every second symbol.

Impact of UL receive processing
Conventional assumption for UL demodulation is post-FFT frequency offset compensation as a part of PUSCH demodulation. gNB may receive signals from multiple UEs simultaneously and, hence may have limited capabilities to perform pre-FFT FO adjustment for each individual UE. However, post-FFT processing leads to Inter-Carrier Interference (ICI) when frequency offset presents, and the magnitude of ICI depends on frequency offset level.  In this case, HST FR2 UL performance may significantly degrade due to high UE velocity and high corresponding frequency offset.
To analyse the impact of ICI we have evaluated PUSCH demodulation performance in static channel conditions under assumption that receive signal has a fixed frequency offset and gNB performs demodulation under assumption of ideal FO estimation and post-FFT FO compensation. Simulation results for different MCS values were performed. Performance with pre-FFT and post-FFT frequency offset correction was evaluated. In Figure 2 we summarize demodulation performance loss for post-FFT processing comparing to pre-FFT. For some scenarios bars of performance loss are not presented. It means that 70% throughput cannot be reached with post-FF processing. The following main simulation parameters were assumed: 
· CBW/SCS: 100 MHz + 120 kHz; Full allocation  
· PUSCH mapping: Type A, Start symbol 2, Duration 12
· FRC: QPSK Rank 1 (MCS 6) / 16QAM Rank 1 (MCS 13) / 64QAM Rank 1 (MCS 19)
· Channel model: Static channel model
· Frequency offset corresponds to double Doppler frequency at 30 GHz CF and UE speed from 200 km/h to 350 km/h: 
· Frequency offset estimation: Ideal estimation
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	Figure 2. HST FR2 PUSCH performance degradation with post-FFT frequency offset compensation vs UE speed


Observation #7: UL demodulation performance degradation due to post-FFT frequency offset compensation:
· For 120 kHz SCS acceptable performance degradation (< 2dB) is observed for QPSK and 16QAM with UE speed up to 350 km/h. 64QAM can operate only up to 290 km/h but performance loss even with 200 km/h is higher than 2 dB.

Considering CPE as serving UE we can assume that gNB operates with only single UE at each time in HST FR2 deployments. In this case gNB can use pre-FFT FO compensation approach and fully avoid ICI in baseband signal. 
Definitely, gNB implementations with pre and post-FFT frequency offset compensation might exist and RAN4 should not mandate one of them. However, as we see based on obtained results, approach with post-FFT processing allows to support smaller speed and cannot guarantee reliable performance with 64QAM. Also, considering two possible implementation options it can be quite complicated to align results between companies during the requirements definition.
Observation #8: There is two different implementation options on UL frequency offset compensation with big difference in terms of provided demodulation performance. 
If RAN4 will define requirements only with low order modulations, there will be no guarantee on providing of high performance in HST FR2 conditions. However, we believe that 64QAM operation is an important feature to establish good passenger service in HST deployments especially when we consider CPE devise as a backhaul link. In this case we suggest defining two set of HST FR2 requirements to distinguish different implementations. One set of requirements can be defined with smaller UE speed or smaller modulation order. Another one can cover higher UE speed or higher modulation order or even both. Both set of requirements should be up to BS declaration.
Proposal #3:	Define different sets of UL requirements to cover different frequency offset compensation implementations.
Conclusion
In this contribution we provide our view on HST FR2 deployment aspects. In summary, we make the following proposals:
Proposal #1:	Assume the following reference signal(s) for DL frequency offset tracking:
· For unidirectional deployment TRS, DMRS or TRS + PTRS
· For bidirectional deployment TRS+ PTRS
Proposal #2:	Assume the following reference signal(s) for UL frequency offset tracking: PTRS or DMRS + PTRS where PTRS density is not less than every second symbol.
Proposal #3:	Define different set of UL requirements to cover different frequency offset compensation implementation.
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