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Introduction
In the RAN#89-e meeting, the WI on NR support for high-speed train scenario in FR2 was approved [1].
HST scenarios in more challenging higher frequency band above 3.5 GHz have not been considered in the previous 3GPP working and study items. mmWave bands can add many new spectrum resources for high-speed connections for passengers and HST special services. However, existing FR2 RRM and Demod requirements do not take into account high-speed deployments.
This contribution provides an overview of HST deployment scenarios in FR2. We collect main deployment parameters, highlight the magnitude and potential impact of the Doppler effect, and discuss channel models.

Discussion
WI background
Below we summarise the deployment-related assumptions already listed in the WI description [1]:
· UE equipment in 5G NR FR2 HST scenario is vehicle-roof mounted customer-premises equipment (CPE)
· High-power device, power class 4
· Single panel, i.e., only one active antenna panel at a time
· NR SA single carrier scenario in FR2
· The applicable target frequency is up to 30GHz.
· Candidate bands are n261 (27.50 – 28.35GHz), n257 (26.50 – 29.50GHz), n258(24.25 – 27.50GHz)
· Target deployment scenario is multi-RRHs share the same cell-ID
Detailed parameters to be investigated and decided in the initial phase of the WI [1]:
· High-speed train scenario with up to 350 km/h (actual maximum supported speed to be decided within the WI)
· Number of RRHs per cell
· The distance between adjacent RRHs
· The distance between RRHs and railway track
· The number of SSB per RRH
Additionally, the following aspects of the HST FR2 scenario should be studied further [1]:
· The channel models out of two possible options:
· HST single Tap channel
· Uni/bi-directional SFN channel
· The Maximum Doppler frequency

HST FR2 SFN deployments
Single Frequency Network (SFN) scenario refers to a deployment planning in which the same signals are sent and received with the same frequency through multiple remote radio heads (RRH) installations covering the cell area [2]. This scenario is suitable for high-speed moving mobile environments because there is less interference from adjacent cells, and the cell coverage area is large, which results in less frequent handovers (HO).
In general, we can identify two main types of SFN deployments:
· The unidirectional SFN scenario (Option 1)
· The HST SFN with bidirectional coverage (Option 2a/b)
Following the TR [3], the intention of unidirectional SFN scenario is to provide a stable downlink carrier frequency as experienced by the UE when traveling at high speed. This can be achieved by arranging the RRHs in such a 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.
Unidirectional SFN scenario is shown in Figure 1. It is the only one considered for HST 30GHz deployment in TR [4]. In this scenario, 3 RRH are connected over the fiber to the same base-band unit (BBU).


[bookmark: _Ref54207317]Figure 1: Unidirectional SFN scenario.
Another significant HST SFN deployment uses bidirectional coverage, where UE receives simultaneously multiple paths of the same signal with different signs of Doppler frequency.
In SFN Option 2.a (Figure 2), the transmission scheme with two RRHs per BBU is similar to the SFN model defined in LTE, TS [5] section B.3A, and for NR HST deployment in FR1 [4]. Here, two RRHs sending the same signals are connected to one BBU. When the mobile terminal passes through RRH1 and RRH2, the signal arriving from RRH1 has a negative Doppler frequency shift effect, while the signal coming from RRH2 has a positive Doppler frequency shift effect.


[bookmark: _Ref54343945][bookmark: _Ref54343940]Figure 2: HST SFN scenario with bidirectional coverage, 2 RRHs per BBU.
Another variation of bidirectional SFN is Option 2.b shown in Figure 3. In this deployment, six RRHs are connected to one BBU. In a traditional SFN scheme, all RRHs of the BBU have the same cell ID and are sending the same signal. However, more advanced approaches are being considered, where Doppler shift can be estimated and compensated individually for each of RRHs based on T-RSs (CSI-RS with tracking flag enabled) and DM-RSs with multiple TCI states [6].


Figure 3: HST SFN scenario with bidirectional coverage, 6 RRHs per BBU.
[bookmark: _Ref54381854]Unidirectional SFN deployment is a more reliable solution. It is more challenging for a UE to track the sudden Doppler frequency shift from negative to positive in bidirectional SFN deployments. Robustness can be enhanced by using multiple TCI states for the signals belonging to the same cell. 
[bookmark: _Ref54381862]RAN4 to evaluate both unidirectional and bidirectional SFN deployments. Consider robustness enhancements in bidirectional SFN.

Deployment parameters
It is easy to evaluate the distance traveled by a UE between the consecutive SSB measurements. These values are collected in Table 1 for two train speeds: 260 kmph (~160mph) and 350kmph.
[bookmark: _Ref54373557]Table 1: Distance traveled by the train between consecutive SSB bursts.
	SSB burst period, ms
	Speed: 260kmph
	Speed: 350kmph

	5
	0.36m
	0.49m

	20
	1.44m
	1.94m

	40
	2.89m
	3.89m



FR2 deployments usually assume that RRH sites are relatively close to the railway track, e.g., 5-10 meters away. In this case, one of the beams shall be directed almost parallel to the track. From Figure 4, it can be seen that a typical mmWave beam with a width of around 10-20 degrees can cover the major part of the track till the next RRH site. Only the distance of the order of 10s of meters next to the RRH along the track is available for the other beams.


[bookmark: _Ref54349557]Figure 4: Angular directions from the RRHs located 5m and 50m from the railway track.
[bookmark: _Ref54381974]Even for relatively mmWave narrow beams, it makes sense to consider multi-SSB deployments only when the RRH sites are more than 50 meters away from the railway track.
[bookmark: _Ref54381979]When RRH sites are 5-10 meters away from the railway track, it is sufficient consider only 1 SSB per RRH.
From the mobility point of view, it is necessary to evaluate if, assuming minimum UE requirements, the UE can be assumed to be capable of identifying, measuring, and reporting newly detectable cells in a timely manner to the network, such that the network can prepare the handover with the target cell and transmit the handover command to the UE in time.
[bookmark: _Ref54381984]It is necessary to consider minimum UE capabilities to identify, measure, and report new cells while deciding about inter RRH site distance and the number of SFN RRHs per BBU.
The main HST deployment parameters are collected in Table 2. The reference values of the parameters are presented for two scenarios previously described in [4], [7] for FR2 and in the recent NR_feMIMO summary [8].
Table 2: Main parameters of HST deployment in FR2.
	Parameter
	Value
[TR 38.913]
	Value
[R1-2007151]
	Meaning

	DS
	1732m
	-
	Distance between BBH sites

	DR, D*R
	580m, 580m, 572m
	200m
	Inter RRH site distance

	Dmin
	5m
	5m
	RRH site to railway track distance

	hT
	3.38m
	1.5m
	Height of the train (UE antenna panel height)

	hR
	-
	2.5m
	Hight of the RRU antenna

	DT
	6m
	6m
	Distance between the railway tracks

	υ
	Max 500kmph
	256kmph
	Train speed

	SCS
	-
	120kHz
	Sub-carrier spacing

	BW
	-
	80MHz
	Bandwidth

	CF
	Around 30 GHz
	30GHz
	Carrier Frequency

	φ
	-
	±20 degrees
	RRH panel bearing angle

	NRRH
	3
	3
	Number of RRH per cell



[bookmark: _Ref54381990]There are few essential HST deployment parameters for which several values are potentially possible, e.g., inter RRH site distance, RRH and UE antenna height and orientation, etc.
[bookmark: _Ref54381996]RAN4 to evaluate two typical scenarios with longer (500-600m) and shorter(200-300m) inter RRH site distance.

Doppler effect
Doppler frequency depends on the angle  between the velocity vector  of the moving UE and the direction of radio wave propagation between the UE and the RU

where  is the maximum Doppler shift,  is UE speed in (m/s),  is the speed of light (m/s),  is the carrier frequency in Hz.
For the time-varying channel, as in the high-speed trains scenario, the accuracy of Doppler shift estimation depends on the number of reference (usually DM-RS) symbols distributed in the time domain. The minimum time interval  between two reference symbols in one slot sets the theoretical upper limit of Doppler shift that can be accurately estimated [R4-1908282]. If UE and BS clock frequency drift is not taken into account, the theoretical maximum Doppler shift that can be estimated is given by

The values of  for several intervals  between reference symbols and 120kHz SCS is shown in Table 3.
[bookmark: _Ref54373568]Table 3: Maximum estimated Doppler shift, 120 kHz SCS.
	 between reference symbols
	

	1 symbol (8.92 us)
	56.05 kHz

	2 symbols
	28.03 kHz

	3 symbols
	18.68 kHz

	4 symbols
	14.01 kHz

	8 symbols
	7.00 kHz

	14 symbols (slot)
	4.0 kHz



The absolute value of maximum Doppler shift  depends on the UE speed and for 30 GHz carrier frequency equals
· 7.23 kHz for 260 kmph,
· 9.73 kHz for 350 kmph.
The Doppler shift of the signal send in UL direction is two times higher than in DL because the UE gets synchronized from the DL signals that already contain frequency offset, giving
· 14.45 kHz for 260 kmph,
· 19.46 kHz for 350 kmph.
Moreover, in HST bidirectional deployment, depending on the implementation of frequency offset evaluation (FOE) and compensation (FOC) in the gNB (e.g., both done per UE and in the baseband) and the behaviour of the UE, the worst case mismatch between the received signal and the last FOE value can be up to two times higher resulting in
· 28.91 kHz for 260 kmph,
· 38.92 kHz for 350 kmph.
As it is described in section B.3 of TS [5], the actual values of the Doppler frequency depend on the network deployment, e.g., on the distances . and . Nevertheless, presented analysis provides feasible coarse evaluations for HST scenario in FR2. It can be noticed that 350 kmph case is more demanding and may require a very high density of reference symbols.
[bookmark: _Ref54382004]The distance between consecutive DM-RS symbols shall not be above 3 to support 350kmph train speed. Hence, at least 3 DM-RS symbols per slot should be used. It is also necessary to consider the utilization of PT-RS in addition to DM-RS. Link level simulations are needed for more accurate evaluations.
[bookmark: _Ref54382010]RAN4 to evaluate two maximum train speeds: 260 and 350 kmph.

Channel models
We expect LoS propagation conditions for beamformed signals in FR2, and for a UE located on top of the train. Multipath fading models are not used for HST demodulation performance requirements in FR1 either.
In the UL direction, assuming that the reception is beamformed by a UE and that the reception is done by a single RRH, a single-tap channel model with a given Doppler shift profile is a feasible approach.
In the DL direction, an alternative approach would be to use a multi-tap channel model, where the number of taps depends on the number of RRH transmitting jointly the same signals. However, multi-tap modeling is considerably more complicated because the delay and frequency offset of each tap is changing continuously with the position of the train.
[bookmark: _Ref54382015]RAN4 to consider using a single-tap per RRH channel model for performance requirements in UL direction and both single- and multi-tap models in DL direction.

For RRM system-level evaluations in FR1, NR RMa LoS model defined in TR [9] was used. There is a concern regarding the RMa model applicability for FR2. Following the 3GPP TR 38.901:
· The applicable frequency range of the PL formula is in the range 0.5 < fc < fH GHz, where fH = 30 GHz for RMa and fH = 100 GHz for all the other scenarios.
· It is noted that RMa pathloss model for >7 GHz is validated based on a single measurement campaign conducted at 24 GHz.
· Scenario RMa is for up to 7GHz, while others are for up to 100GHz.
· Table 7.5-6 Part-2 states that Channel model parameters for RMa (up to 7GHz) and Indoor-Office.
In the RAN1 simulation discussion for Rel-17 FeMIMO studies, there are parameters also listed for HST in FR2 [8]:
· Table 4 Baseline assumptions for SLS: Additional simulation assumptions for HST scenario (FR2), mainly from TR 38.802, e.g. Table A.2.1-2
· UMa LOS model is agreed there.

[bookmark: _Ref54382021]Adopt UMa LoS model from 3GPP TR 38.901 as a baseline for system-level studies of HST in FR2.

Conclusion
This contribution provides an overview of HST deployment scenarios in FR2. We collect main deployment parameters, highlight the magnitude and potential impact of the Doppler effect, and discuss channel models.
The following observations and proposals are made:
1. Unidirectional SFN deployment is a more reliable solution. It is more challenging for a UE to track the sudden Doppler frequency shift from negative to positive in bidirectional SFN deployments. Robustness can be enhanced by using multiple TCI states for the signals belonging to the same cell.
1. RAN4 to evaluate both unidirectional and bidirectional SFN deployments. Consider robustness enhancements in bidirectional SFN.
Even for relatively mmWave narrow beams, it makes sense to consider multi-SSB deployments only when the RRH sites are more than 50 meters away from the railway track.
When RRH sites are 5-10 meters away from the railway track, it is sufficient consider only 1 SSB per RRH.
It is necessary to consider minimum UE capabilities to identify, measure, and report new cells while deciding about inter RRH site distance and the number of SFN RRHs per BBU.
There are few essential HST deployment parameters for which several values are potentially possible, e.g., inter RRH site distance, RRH and UE antenna height and orientation, etc.
RAN4 to evaluate two typical scenarios with longer (500-600m) and shorter(200-300m) inter RRH site distance.
The distance between consecutive DM-RS symbols shall not be above 3 to support 350kmph train speed. Hence, at least 3 DM-RS symbols per slot should be used. It is also necessary to consider the utilization of PT-RS in addition to DM-RS. Link level simulations are needed for more accurate evaluations.
RAN4 to evaluate two maximum train speeds: 260 and 350 kmph.
RAN4 to consider using a single-tap per RRH channel model for performance requirements in UL direction and both single- and multi-tap models in DL direction.
Adopt UMa LoS model from 3GPP TR 38.901 as a baseline for system-level studies of HST in FR2.
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