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Introduction
Work item on NR support for high-speed train scenario in FR2 [1] has started in the last RAN WG4 meeting #97-e with the discussion of deployment scenarios, summarized in [2].
Following the [3], a large variety of possible deployment scenarios and parameters was identified:
1) Five basic deployments scenarios with higher priority given to the cases with Ds equal to 650 and 300 meters.
2) Unidirectional and Bidirectional SFN deployment options
3) RRH parameters: number of RRH sites per BBU, Number of analog beams per panel, RRH antenna array parameters
4) CPE panel parameters
5) Channel models
6) etc.
At least the following issues still require further clarification:
7) Number of RRHs sight per BBU and number of analog beams per RRH
8) RRH antenna array orientation
9) SFN interpretation
10) SSB index to beam mapping
11) The number of CPE per train/carriage, the number of panels per CPE, and their placement
12) The feasibility of a deployment based on the beam dwelling time and measurement period framework
13) Throughput performance and mobility performance
14) Receive timing difference
15) Maximum supported Doppler shift for both UL and DL and maximum supported UE speed.
Initial system-level simulation results for HST FR2 deployment are collected in our contribution [4].
In this paper, we are discussing further the feasibility of different deployment options for HST FR2 scenario and propose several ways to limit the number of these options and to select the most appropriate parameters.

General HST FR2 deployment options
The basic HST FR2 deployment scenario and main parameters are shown in Figure 1. In this case, only one railway track is considered, and therefore all RRHs are placed on one side of it. As an example, 3 RRH sites are connected to one BBU with a fiber.


[bookmark: _Ref61351146]Figure 1: Main HST FR2 deployment parameters: one railway track.

Alternatively, a deployment scenario with two railway tracks is also possible, shown in Figure 2.


[bookmark: _Ref61351156]Figure 2: Main HST FR2 deployment parameters: two railway tracks.

The deployment scenarios identified in the RAN WG4 meeting #97-e are presented in Table 1. The priority scenarios 2 and 4 are highlighted.
Table 1: HST FR2 deployment scenarios
	Scenario
	Ds (meters)
	Dmin (meters)

	1
	800
	10

	2
	650
	10

	3
	500
	10

	4
	300
	50

	5
	200
	30



The values of other parameters discussed in the meeting are shown below. In our considerations, we use the basic assumption for DRRH_height: 15m, the number of beams per RRH panel is discussed in the next section.
	· FR2 HST Deployment Scenario:
· DRRH_height: 15m as basic assumption;
· [10,20m] if found to be necessary
· DUE_height: 5m
· Number of RRH sites per BBU:
· [1 to 4]RRHs sites per BBU
· Other values are not precluded;
· Depending on companies’ further feasibility study on SFN deployment scenario.  
· Number of Analog Beams per panel in RRH:
· [1,2,4] analog beam(s) per panel in RRH
· Other values are not precluded;
· Depending on companies’ further feasibility study on link-budget and mobility



[bookmark: _Hlk61350703]In HST FR2 deployment discussions, only one train moving over one railway track in one direction was considered. Moreover, such a parameter as a distance between the tracks was not introduced. We are not expecting any considerable performance between the scenarios when the RRHs are located on one side or on both sides of the track. Thus, there is no additional value in considering both scenarios.
RAN4 to consider primarily HST FR2 deployment with one train moving over one railway track in one direction. RRHs are located on one side of the track.

RRH parameters
In the WF, RRH antenna array parameters for evaluation were proposed, and the RRH antenna element parameters were agreed. In Figure 3, RRH antenna panel directivity pattern is shown for the option with 8x8 antenna elements. The half-power beamwidth is 12.6 degrees.[bookmark: _Ref61353178]Figure 3: RRH antenna panel directivity pattern, [Mg, Ng, M, N, P]=[1, 1, 8, 8, 2].


The schemes in Figure 4 and Figure 5 demonstrate the boresight directions of the panels oriented to the middle (blue dashed line) between the RRH sites and towards (red dashed line) the following RRH for priority scenarios 4 and 2, respectively. The solid lines correspond to the half-power beamwidth around the panel boresight direction.
It can be seen that in Scenario 2 (Figure 5), where the Dmin is small, there is very little space for adding more beams; performance improvements are unlikely due to geometry. However, in Scenario 4, where Dmin is larger, additional beams can improve the coverage. When the panel is pointed in the middle between the RRH sites, the boresight beam from the previous RRH sight cannot sufficiently cover the area close to the next RRH sight (Figure 4). 


[bookmark: _Ref61355632]Figure 4: Boresight beam pointed to the middle (blue) and towards the following (red) RRH site,
Scenario 4 (Ds = 300m, Dmin = 50m).



[bookmark: _Ref61355638]Figure 5: Boresight beam pointed to the middle (blue) and towards the following (red) RRH site,
Scenario 2 (Ds = 650m, Dmin = 10m).

The conclusions made above are also confirmed by the coverage maps in Figure 6 - Figure 9. The railway track is at a horizontal line on level 300.
It can be seen that even in Scenario 4 with larger Dmin = 50m when RRH panel is pointed to the railway at a distance Ds, the area between the RRH sites is well covered by only one boresight beam (Figure 6). The second beam (Figure 7) has a minor contribution.
[image: ]
[bookmark: _Ref61434079]Figure 6: Coverage map, Scenario 4, panel boresight and one beam are pointed to the railway at the distance of Ds.
[image: ]
[bookmark: _Ref61434355]Figure 7: Coverage map, Scenario 4, panel boresight pointed to the railway at the distance of Ds. Two beams are oriented ±10 degrees from the boresight.

In the same scenario, when RRH panel is pointed to the railway in the middle point between 2 RRH sites the coverage hole next to the RRH (Figure 8) can be mitigated when one more beam is present (Figure 9).
[image: ]
[bookmark: _Ref61625576]Figure 8: Coverage map, Scenario 4, panel boresight and one beam are pointed in the middle between two RRH sites.
[image: ]
[bookmark: _Ref61434105]Figure 9: Coverage map, Scenario 4, panel boresight pointed in the middle between two RRH sites. Two beams are oriented ±15 degrees from the boresight.

Additionally, in Figure 10, we demonstrate the joint effect of multiple beams on coverage in Scenario 4 when the RRH panel boresight is pointed to the middle between RRH sites. In each of the 3 RRHs located in sites with x coordinate 450 and 750, the first beam has the same orientation as panel boresight. The other beams are added with a 20-degree step in azimuth direction relative to the boresight. The RRH orientation is shown with arrows. The curves are calculated as the maximum value of the sum of path loss, RRH Tx power, and beam gain in each point over the railway at the CPE height. It can be seen, as in Figure 9, that the coverage improves with the addition of more beams.
[image: ]
[bookmark: _Ref61628125]Figure 10: Joint coverage of railway track by multiple beams, Scenario 4.

Finally, we can observe the same effect in the system-level results contributed in our companion paper [4]. In Figure 11, we show the amount of intra-RRH beam switches per UE per second. The beam switch rate is heavily influenced by the combination of Ds and Dmin. In Scenario 4 (ISD 300), we see multiple times higher beam switch rate. Also bidirectional setting causes more beam switches to occur. In Scenario 2 (ISD 650), particularly with unidirectional setting the beam switches are very rare in the used simulation conditions. This would show that only one beam is mainly used during the time of stay in RRH making multiple beams less beneficial than in ISD 300 case.
[image: ]
[bookmark: _Ref61628466]Figure 11: Intra-cell beam switch rate with two beams per RRH in uni- and bidirectional setting.

 In unidirectional setting, it is beneficial to orient the RRH panel boresight to the railway at the distance of Ds. More than one beam can be used. However, additional beams will have rather small impact on coverage and RRM KPIs. In bidirectional setting, it makes sense to point the RRH panel to the railway in the middle point between 2 RRHs. In this case, additional beams can be used to improve the coverage next to the RRH; assuming Ds being sufficiently large.
RAN4 to focus on the following RRH parametrization in unidirectional setting: RRH panel boresight pointed to the railway at the distance of Ds, 1, 2 analog beams(s) per RRH panel.
RAN4 to focus on the following RRH parametrization in bidirectional setting: RRH panel boresight pointed to the railway in the middle point between two RRHs, 1, 2, 4 analog beam(s) per RRH panel.

Single Frequency Network (SFN) scenarios and transmission schemes
The HST FR2 deployment shown in Figure 1 can be realized in two different ways:
· Unidirectional setting (Figure 12)
· The beams in all RRH sites are pointed in the same direction. The signal is coming to a UE only from one direction.
· The benefit is in nearly constant Doppler shift without sign alternation. On the downside may be a need for a denser deployment, however this still has to be further evaluated in LoS propagation conditions.
· Bidirectional setting (Figure 13)
· UE receives simultaneously multiple paths of the same signal.
· The received signal has different signs of Doppler frequency, and hance the scheme is less robust or require higher implementation complexity. 



[bookmark: _Ref61474270]Figure 12: Unidirectional HST deployments with 1 RRH site per BBU (upper) and 3 RRH sites per BBU (lower).



[bookmark: _Ref61474278]Figure 13: Bidirectional HST deployments with one cell per RRH (upper), 1 RRH site per BBU (middle), 3 RRH sites per BBU (lower).

Based on the analysis already carried our in NR HST Release 16 [5]-[7], two main classes of transmission schemes for HST FR2 can be considered:
1) Joint transmission (JT) scheme
Data (i.e. PDSCH) is jointly transmitted from two or more adjacent RRHs. At least the following sub-classes can be identified:
a. Classical or Full SFN
The scheme copies LTE HST-SFN scenario. The same signals are sent and received with the same frequency through multiple remote radio heads (RRH) covering the cell area. UE needs to track only one TCI state at a time.
b. with PDSCH scheduled by multi-DCI
The data is scheduled by different DCIs from different RRHs, and each RRH activates the TCI state to be in use by DCI.
c. with Distributed reference signals (DM-RS or T-RS)
Different TCI states are assigned to the reference signals of different RRHs. PDSCH and PDCCH are transmitted in SFN way.
2) Dynamic Point Selection (DPS) scheme
DPS is different from SFN. Data (i.e., PDSCH) is transmitted in DL from one RRH at a time. At least two options can be analysed:
a. UE tracks only one TCI state
b. UE tracks more than one TCI state (e.g., 2) but only one TCI state is actively used by DCI at a time for data reception
Additionally, some other transmission schemes, such as a combination of DPS and JT or non-coherent JT, have been proposed, but we are not listing them above and consider with lower priority for now.
HST FR2 deployment can use the following transmission schemes:
0. Joint transmission (JT): Classical/Full SFN, with multi-DCI or with distributed reference signals
0. Dynamic point selection (DPS): with one or multiple TCI states.
DPS in not SFN scheme.
JT scheme with only one RRH per BBU is equivalent to DPS scheme.
In unidirectional scenarios only classical SFN or DPS with one TCI state transmission schemes makes sense.
RAN4 to consider unidirectional setting only with one TCI state transmission schemes, i.e., classical SFN or DPS with one TCI state.
RAN4 to consider both JT and DPS transmission schemes in bidirectional setting.
RAN4 to decide if more than 2 configured TCI states should be analyzed.

The following options of SSB index to beam mapping were listed in the [3]:
	SSB index to Beam Mapping: 
· FFS the impact of following options for SSB index to Beam mapping: 
· Option 1: 
· All RRHs (connected to one BBU with fiber) share the same cell ID
· All RRHs under the same cell use the same set of SSB indexes, e.g., all RRHs use SSB-0 to SSB-3. 
· Option 2: 
· All RRHs (connected to one BBU with fiber) share the same cell ID
· RRHs under the same cell use the different sets of SSB indexes, e.g., RRH-1 uses SSB-0 to SSB-3, RRH-2 uses SSB-4 to SSB-7.



In our opinion, there is no need to optimize the deployment for any special SSB index to beam mapping. Minimum performance requirements shall be formulated in a way that is agnostic to SSB index selection (i.e., does impose any optimizations).
All RRHs (connected to same BBU with fiber) share the same cell ID. SSB index to beam mapping can be left to implementation.

CPE parameters
A number of open issues were identified in the previous meeting regarding the CPE parameters in HST FR2 deployments :
	· Number of panels per CPE:
· FFS the number of panel(s) per CPE: 
· To be combined with the analysis on uni-/bi-directional SFN. 
· The number for TX panel(s) and RX panel(s) could be discussed separately. 
· Placement of CPE panel(s): 
· FFS the placement of CPE panels, i.e., the bore-sight direction(s) of CPE panel(s)
· Number of CPE devices:
· FFS the impact of the number of CPE per train/carriage on RAN4 requirement.



In Figure 14, CPE antenna panel directivity pattern in shown for the option with 4x4 antenna elements. The half-power beamwidth is 25.2 degrees.
[image: ][image: ]
[bookmark: _Ref61559048]Figure 14: CPE antenna panel directivity pattern, [Mg, Ng, M, N, P]=[1, 1, 4, 4, 2].

We can envision several ways how CPE panels can be deployed:
· One panel per CPE
· The panel is installed vertically with the boresight parallel to the railway track.
This option makes sense only in unidirectional setting because CPE cannot receive the signal coming from both directions in bidirectional setting. However, even in unidirectional deployments it is quite possible that the trains will move in both directions. Hence, it is beneficial to have two panels in CPE to avoid mechanical switching of panel direction. Alternatively, the RRHs can be deployed with directional beams, thus enabling unidirectional-like performance for CPEs with one fixed oriented panel, no matter the travel direction.
· The panel is installed horizontally with the boresight pointed upwards.
This deployment can potentially support both unidirectional and bidirectional setting. However, because it will be necessary either to use beams heavily steered/tilted away from the panel boresight or only one beam static beam (exploitation of sidelobes can be possible). In both cases we expect that the UE beamforming gain will be negatively impacted.
· Two panels per CPE
Both panels can be installed vertically with the boresights parallel to the railways track and oriented in opposite directions. Both unidirectional and bidirectional settings can be efficiently supported.

CPE installed on the rooftop of the train is not power limited device. Having two antenna panels per CPE has benefits both in unidirectional and bidirectional settings.
It is rather possible that more than one CPE will be installed per train, e.g. in the head and tail of the train or even per each car. However, we do not expect that increasing the number of CPEs per train will have any impact on the RRM and/or demodulation pefromance.
 RAN4 to consider primary one CPE per train with two panels installed vertically with the boresights parallel to the railways track and oriented in opposite directions.

Maximum supported speed
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.
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.

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 4 together with possible number of DM-RS symbols per slot and maximum supported UE speed.

[bookmark: _Ref54373568]Table 2: Maximum estimated Doppler shift, 120 kHz SCS.
	 between reference symbols (DM-RS density)
	Number of DM-RS per slot
	, kHz
	Maximum supported UE speed, kmph

	1 symbol (8.92 us)
	4, 2 adjacent
	56.05
	1008.2

	3 symbols
	3 or 4
	18.68
	336.0

	4 symbols
	2 or 3
	14.01
	252.0

	8 symbols
	2
	7.00
	125.9

	14 symbols (slot)
	1
	4.0
	72.0



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.
Moreover, in HST bidirectional setting, 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 behavior of the UE, the worst case mismatch/delta between the received signal absolute FOE value and the last stored FOE value can be up to four times .
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 a preliminary evaluation that may give a rough estimation of maximum speed when robust modulation and coding schemes are used for HST scenario in FR2.
In Table 3, we also make a rough estimation of required DM-RS distance in time domain counted as the number of OFDM symbols (with CP) for maximum Doppler spread in UL and DL direction at velocity of 260 and 350 kmph without clock errors.

Table 3: Estimation of required DMRS distance in time domain for maximum Doppler shift at 260 and 350 kmph.
	Case
	260 kmph
	350 kmph

	
	Maximum Doppler shift, kHz
	Required DM-RS density, symbols
	Maximum Doppler shift, kHz
	Required DM-RS density, symbols

	DL
	7.23
	7.8
	9.73
	5.8

	UL
	14.45
	3.9
	19.46
	2.9

	UL, worst case
	28.91
	1.9
	38.92
	1.4



1. [bookmark: _Ref54382004]The distance between consecutive DM-RS symbols shall not be more than 2 to support reliably 350kmph train speed. Hence, 4 DM-RS symbols per slot may be needed. 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 with 260 kmph as a baseline due to the high DM-RS overhead at 350 kmph.

Conclusion
In this paper, the feasibility of different deployment options for HST FR2 scenario are discussed and several ways to limit the number of these options are proposed. The conclusions are supported with the results of simulations and rough analytical evaluations of maximum supported train speed.
The following observations and proposals are made:
1. In HST FR2 deployment discussions, only one train moving over one railway track in one direction was considered. Moreover, such a parameter as a distance between the tracks was not introduced. We are not expecting any considerable performance between the scenarios when the RRHs are located on one side or on both sides of the track. Thus, there is no additional value in considering both scenarios.
1. RAN4 to consider primarily HST FR2 deployment with one train moving over one railway track in one direction. RRHs are located on one side of the track.

In unidirectional setting, it is beneficial to orient the RRH panel boresight to the railway at the distance of Ds. More than one beam can be used. However, additional beams will provide rathe small impact on coverage and RRM KPIs. In bidirectional setting, it makes sense to point the RRH panel to the railway in the middle point between 2 RRHs. In this case, additional beams can be used to improve the coverage next to the RRH. 
RAN4 to focus on the following RRH parametrization in unidirectional setting: RRH panel boresight pointed to the railway at the distance of Ds, 1, 2 analog beams(s) per RRH panel.
RAN4 to focus on the following RRH parametrization in bidirectional setting: RRH panel boresight pointed to the railway in the middle point between two RRHs, 1, 2, 4 analog beam(s) per RRH panel.

HST FR2 deployment can use the following transmission schemes:
2. Joint transmission (JT): Classical/Full SFN, with multi-DCI or with distributed reference signals
2. Dynamic point selection (DPS): with one or multiple TCI states.
DPS in not SFN scheme.
JT scheme with only one RRH per BBU is equivalent to DPS scheme.
In unidirectional scenarios only classical SFN or DPS with one TCI state transmission schemes makes sense.
RAN4 to consider unidirectional setting only with one TCI state transmission schemes, i.e., classical SFN or DPS with one TCI state.
RAN4 to consider both JT and DPS transmission schemes in bidirectional setting.
RAN4 to decide if more than 2 configured TCI states should be analyzed.
All RRHs (connected to same BBU with fiber) share the same cell ID. SSB index to beam mapping can be left to implementation.

CPE installed on the rooftop of the train is not power limited device. Having two antenna panels per CPE has benefits both in unidirectional and bidirectional settings.
It is rather possible that more than one CPE will be installed per train, e.g. in the head and tail of the train or even per each car. However, we do not expect that increasing the number of CPEs per train will have any impact on the RRM and/or demodulation pefromance.
 RAN4 to consider primary one CPE per train with two panels installed vertically with the boresights parallel to the railways track and oriented in opposite directions.

1. The distance between consecutive DM-RS symbols shall not be more than 2 to support reliably 350kmph train speed. Hence, 4 DM-RS symbols per slot may be needed. 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 with 260 kmph as a baseline due to the high DM-RS overhead at 350 kmph.
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13)


 


T


hroughput performance and mobility performance


 


14)


 


Receive timing difference


 


15)


 


Maximum supported Doppler shift for both UL and DL and maximum supported UE speed


.
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we are discussing further the feasibi


lity of different deployment options 


for HST FR2 scenario 


and 


propose several ways to limit the number of these options and to select the most appropriate 


parameters
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HST FR2


 


deployment


 


options


 


The 


basic HST FR2


 


deployment


 


scenario and main


 


parameter


s


 


are shown 


in 


Figure 


1


. In this case, only one


 


railway


 


track is considered


,


 


and the


refor


e


 


all RRHs


 


are


 


placed on one side of it.


 


As an example,


 


3 RRH sites are connected to 


one BBU with a fib


er


.
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  Intro ductio n   Work item on  NR support for high - speed train scenario in FR2   [1]   has   started in the last RAN   WG4  meeting   #97 - e   with  the discussion  of   deployment scenarios ,  summarized   in   [2] .   F ollowing the   [3] , a   large   variety of   possible   deployment scenarios and parameters was identified:   1)   Five basic deployments scenarios with higher priority given to the cases with  D s   equal to 650 and 300 meters.   2)   Unidirectional and Bidirectional SFN   deployment options   3)   RRH parameters: number of RRH sites per BBU, Number of analog beams per panel, RRH antenna array   parameters   4)   CPE   panel   parameters   5)   Channel models   6)   etc.   At least the following issues   still   require further  clarification :   7)   Number of RRHs sight   per BBU and number of analog beams per RRH   8)   RRH antenna array orientation   9)   SFN interpretation   10)   SSB index to  b ea m   mapping   11)   The number of CPE per train/carriage, the number  of  panels per CPE ,   and their placement   12)   The feasibility of a deployment based  on  the beam dwelli ng time and measurement period framework   13)   T hroughput performance and mobility performance   14)   Receive timing difference   15)   Maximum supported Doppler shift for both UL and DL and maximum supported UE speed .   I nitial system - level simulation results  for   HST FR2   deployment   are collected in  our contribution   [4] .   In this  paper ,   we are discussing further the feasibi lity of different deployment options  for HST FR2 scenario  and  propose several ways to limit the number of these options and to select the most appropriate  parameters .    

2

  General  HST FR2   deployment   options   The  basic HST FR2   deployment   scenario and main   parameter s   are shown  in  Figure  1 . In this case, only one   railway   track is considered ,   and the refor e   all RRHs   are   placed on one side of it.   As an example,   3 RRH sites are connected to  one BBU with a fib er .  

