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Introduction
In the WF [1] from the RAN4 e-meeting #98-e it was agreed to continue the analysis of maximum supported speed in HST FR2 deployment:
	· RAN4 shall check the maximum supportable speed from demodulation perspective and accordingly the possible enhancement:
· Candidate maximum speed values to be evaluated:
· 260kmph
· 350kmph 
· Other options if identified.

· FFS under bi- and uni-directional deployment.
· FFS the possible higher supported speed for uni-directional deployment.



In this paper, we are presenting the results of link-level simulations that demonstrate the demodulation performance of PUSCH and PDSCH channels in single-tap propagation conditions at candidate maximum train speeds, in uni- and bi-directional settings, and with different reference signals.
More detailed information about the propagation models used in this paper can be found in our accompanying contribution [2].


[bookmark: _Hlk68277456]Maximum supported speed, UL
Simulation parameters
In the WF [1], the reference PUSCH simulation parameters were proposed for HST FR2 maximum speed evaluation. Our simulation parameters are summarized in Table 1. The parameters different from the WF are marked with yellow.

[bookmark: _Ref64622174]Table 1: PUSCH parameters for maximum speed evaluation.
	Parameter
	Value

	Transform precoding
	Disabled

	Default TDD UL-DL pattern (Note 1)
	120kHz SCS:
3D1S1U, S=10D:2G:2U

	Antenna layout
	1T2R, ULA Low Correlation

	HARQ
	Maximum number of HARQ transmissions
	4

	
	RV sequence
	0, 2, 3, 1

	DM-RS
	DM-RS configuration type
	1

	
	DM-RS duration
	single-symbol DM-RS

	
	DM-RS symbols
	3, 2, 1

	
	Number of DM-RS CDM group(s) without data
	2

	
	Ratio of PUSCH EPRE to DM-RS EPRE
	-3 dB

	
	DM-RS port(s)
	0

	
	DM-RS sequence generation
	NID=0, nSCID =0

	Time domain resource
	PUSCH mapping type
	B

	
	Start symbol index
	0 

	
	Allocation length
	8, 9

	Frequency domain resource
	RB assignment
	Full applicable test bandwidth

	
	Frequency hopping
	Disabled

	
	Bandwidth
	100 MHz

	Code block group based PUSCH transmission
	Disabled

	PT-RS configuration
	Frequency density (KPT-RS)
	Disabled, 1, 1

	
	Time density (LPT-RS)
	Disabled, 2, 2

	MCS
	MCS16, MCS 19

	Propagation channel
	Uni-directional: Single-tap channel, described in [2].
Bi-directional: Single-tap channel with and without Doppler sign alternation, described in [2].



[bookmark: _Hlk64556164]The following RS configuration options were proposed for the frequency offset tracking [1]:
	· FFS the maximum supported speed from UL demodulation perspective: 
· 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)



It was not very clear what is the exact number of DM-RS reference symbols proposed in the WF. For example, it is not clear if DM-RS shall be sent at all according to Option 3. However, DM-RS should be always present for demodulation of PUSCH.
In our simulations, we used the following reference symbols configurations:
1. DM-RS (1+1+1) at positions 0, 3, and 6 in the slot
2. DM-RS (1+1) at positions 0 and 6 + PT-RS (time density 2)
3. 1 DM-RS at positions 0 + PT-RS (time density 2)

In PUSCH with mapping Type B, allocation length 8 and 9 has the same DM-RS patterns. Since the performance of these two cases is very close. It would make more sense to introduce allocation length 10 instead of 9 to study sparser DM-RS pattern.

Considering that PUSCH with allocation length 8 and 9 have very similar characteristics (what was also confirmed by our simulation results), in the following we will focus only on allocation length of 8.

Propagation conditions
The details of channel models are described in our accompanying contribution [2].
The maximum Doppler frequency in UL direction for 30 GHz carrier frequency depends on the speed and equals:
· 14454 for 260 kmph
· 19458 for 350 kmph.
We were using the single-tap channel models with Doppler shift traces shown in Figure 1 and Figure 2 for bi-directional and uni-directional setting, respectively.
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[bookmark: _Ref68183912][bookmark: _Ref68183898]Figure 1: Doppler shift trajectories in UL with Doppler sign alternation, bi-directional setting.
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[bookmark: _Ref68183916]Figure 2: Doppler shift trajectories in UL, uni-directional setting

We also carried out simulations with a single-tap channel model that was introduced for HST FR1 with the continuous Doppler shift trajectory shown in Figure 3.
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[bookmark: _Ref68184018]Figure 3: Continuous Doppler shift trajectories in DL, bi-directional setting.

Simulation results
Link-level simulation results were carried our to demonstrate PUSCH demodulation performance depending on the following parameters:
· Scenario-A vs. Scenario-B
· Maximum speed: 250 kmph and 350 kmph
· Single-tap channel model: bi-directional with Doppler sign alternation at RRH site change, uni-directional, continuous bi-directional
· Reference signal patterns: DM-RS (1+1+1), DM-RS (1+1) + PT-RS, 1 DM-RS + PT-RS.
Accordingly, the results are summarized in Table 2, Table 3, and Table 4 for different single-tap channel models.
[bookmark: _Ref68187204]Table 2: PUSCH demodulation performance, bi-directional setting, channel model with Doppler sign alternation at RRH site change.
	HST FR2 deployment scenario
	MCS
	Train Speed, kmph
	Reference symbol configuration
	SINR (relative TPut 30%), dB
	SINR (relative TPut 70%), dB

	Scenario-A
	16
	260
	3 DM-RS (1+1+1)
	5,47
	NaN

	Scenario-A
	16
	350
	3 DM-RS (1+1+1)
	6,06
	NaN

	Scenario-B
	16
	260
	3 DM-RS (1+1+1)
	4,83
	6,10

	Scenario-B
	16
	350
	3 DM-RS (1+1+1)
	5,21
	NaN

	Scenario-A
	16
	260
	2 DM-RS (1+1) + PT-RS
	-0,64
	6,28

	Scenario-A
	16
	350
	2 DM-RS (1+1) + PT-RS
	-0,60
	6,56

	Scenario-B
	16
	260
	2 DM-RS (1+1) + PT-RS
	-0,67
	6,25

	Scenario-B
	16
	350
	2 DM-RS (1+1) + PT-RS
	-0,66
	6,29

	Scenario-B
	16
	260
	1 DM-RS + PT-RS
	-0,60
	6,28

	Scenario-A
	16
	350
	1 DM-RS + PT-RS
	-0,55
	6,55

	Scenario-A
	16
	260
	1 DM-RS + PT-RS
	-0,67
	6,27

	Scenario-B
	16
	350
	1 DM-RS + PT-RS
	-0,63
	6,35

	Scenario-A
	19
	260
	3 DM-RS (1+1+1)
	5,47
	NaN

	Scenario-A
	19
	350
	3 DM-RS (1+1+1)
	8,28
	NaN

	Scenario-B
	19
	260
	3 DM-RS (1+1+1)
	4,83
	8,46

	Scenario-B
	19
	350
	3 DM-RS (1+1+1)
	5,21
	NaN

	Scenario-A
	19
	260
	2 DM-RS (1+1) + PT-RS
	1,69
	8,71

	Scenario-A
	19
	350
	2 DM-RS (1+1) + PT-RS
	1,84
	8,81

	Scenario-B
	19
	260
	2 DM-RS (1+1) + PT-RS
	1,47
	8,46

	Scenario-B
	19
	260
	2 DM-RS (1+1) + PT-RS
	1,64
	8,64

	Scenario-B
	19
	350
	1 DM-RS + PT-RS
	1,87
	8,76

	Scenario-A
	19
	260
	1 DM-RS + PT-RS
	1,94
	9,11

	Scenario-A
	19
	350
	1 DM-RS + PT-RS
	1,75
	8,74

	Scenario-B
	19
	260
	1 DM-RS + PT-RS
	
	



[bookmark: _Ref68187206]Table 3: PUSCH demodulation performance, uni-directional setting, single-tap channel model.
	HST FR2 deployment scenario
	MCS
	Train Speed, kmph
	Reference symbol configuration
	SINR (relative TPut 30%), dB
	SINR (relative TPut 70%), dB

	Scenario-A
	16
	260
	3 DM-RS (1+1+1)
	-0,73
	5,82

	Scenario-A
	16
	350
	3 DM-RS (1+1+1)
	6,49
	6,69

	Scenario-B
	16
	260
	3 DM-RS (1+1+1)
	-0,74
	5,78

	Scenario-B
	16
	350
	3 DM-RS (1+1+1)
	1,98
	7,08

	Scenario-A
	16
	260
	2 DM-RS (1+1) + PT-RS
	-0,66
	6,28

	Scenario-A
	16
	350
	2 DM-RS (1+1) + PT-RS
	-0,65
	6,55

	Scenario-B
	16
	260
	2 DM-RS (1+1) + PT-RS
	-0,67
	6,26

	Scenario-B
	16
	350
	2 DM-RS (1+1) + PT-RS
	-0,67
	6,36

	Scenario-B
	16
	260
	1 DM-RS + PT-RS
	-0,64
	6,27

	Scenario-A
	16
	350
	1 DM-RS + PT-RS
	-0,63
	6,51

	Scenario-A
	16
	260
	1 DM-RS + PT-RS
	-0,66
	6,26

	Scenario-B
	16
	350
	1 DM-RS + PT-RS
	-0,65
	6,38



[bookmark: _Ref68187207]Table 4: PUSCH demodulation performance, bi-directional setting, single-tap channel model with continuous Doppler trajectory.
	HST FR2 deployment scenario
	MCS
	Train Speed, kmph
	Reference symbol configuration
	SINR (relative TPut 30%), dB
	SINR (relative TPut 70%), dB

	Scenario-A
	16
	260
	3 DM-RS (1+1+1)
	-0,73
	5,82

	Scenario-A
	16
	350
	3 DM-RS (1+1+1)
	5,37
	6,22

	Scenario-B
	16
	260
	3 DM-RS (1+1+1)
	-0,77
	5,77

	Scenario-B
	16
	350
	3 DM-RS (1+1+1)
	-0,74
	5,83

	Scenario-A
	16
	260
	2 DM-RS (1+1) + PT-RS
	-0,65
	6,27

	Scenario-A
	16
	350
	2 DM-RS (1+1) + PT-RS
	-0,62
	6,55

	Scenario-B
	16
	260
	2 DM-RS (1+1) + PT-RS
	-0,68
	6,25

	Scenario-B
	16
	350
	2 DM-RS (1+1) + PT-RS
	-0,68
	6,28

	Scenario-B
	16
	260
	1 DM-RS + PT-RS
	-0,61
	6,27

	Scenario-A
	16
	350
	1 DM-RS + PT-RS
	-0,58
	6,53

	Scenario-A
	16
	260
	1 DM-RS + PT-RS
	-0,68
	6,26

	Scenario-B
	16
	350
	1 DM-RS + PT-RS
	-0,66
	6,34

	Scenario-A
	19
	260
	3 DM-RS (1+1+1)
	1,33
	8,24

	Scenario-A
	19
	350
	3 DM-RS (1+1+1)
	5,37
	8,45

	Scenario-B
	19
	260
	3 DM-RS (1+1+1)
	1,32
	8,15

	Scenario-B
	19
	350
	3 DM-RS (1+1+1)
	1,32
	8,21

	Scenario-A
	19
	260
	2 DM-RS (1+1) + PT-RS
	1,66
	8,71

	Scenario-A
	19
	350
	2 DM-RS (1+1) + PT-RS
	1,82
	8,80

	Scenario-B
	19
	260
	2 DM-RS (1+1) + PT-RS
	1,46
	8,46

	Scenario-B
	19
	260
	2 DM-RS (1+1) + PT-RS
	1,60
	8,64

	Scenario-B
	19
	350
	1 DM-RS + PT-RS
	1,85
	8,76

	Scenario-A
	19
	260
	1 DM-RS + PT-RS
	1,91
	9,09

	Scenario-A
	19
	350
	1 DM-RS + PT-RS
	1,73
	8,74

	Scenario-B
	19
	260
	1 DM-RS + PT-RS
	1,80
	8,86



Based on the simulation result presented above, the following observations can be made:
Looking at PUSCH demodulation performance in single-tap propagation conditions, it can be concluded that:
- 3 DM-RS (1+1+1) reference symbols are not sufficient to cope with frequency offset in all priority scenarios
- 3 DM-RS (1+1+1) can be potentially used only with 260 kmph maximum train speed in uni-directional setting
- The presence of PT-RS (time density 2) is needed to provide reliable connectivity at 350 kmph.
PT-RS support is mandatory UE capability in FR2.
RAN4 to necessitate transmitting of PT-RS with PUSCH in HST FR2 deployments if it is decided to support 350kmph maximum train speed.
If RAN4 decides to use PT-RS signals in UL, then their time density should be 2.
If RAN4 to discuss whether 260 kmph speed can be supported without PT-RS, and what reference signals configuration can be used in this case.


Maximum supported speed, DL
Simulation parameters
In the WF [1], the reference PDSCH link-level simulation parameters were proposed for HST FR2 maximum speed evaluation. In Table 2, we are are providing the parameters used in our simulations. The differences to the original parameters from the WF are marked with yellow.

[bookmark: _Ref64622253]Table 5: PDSCH link-level simulation parameters for maximum speed evaluation.
	Parameter
	Unit
	Value

	CBW and SCS
	 
	120kHz, 100MHz (66PRB)

	Duplex mode
	 
	TDD

	TDD pattern
	 
	3D1S1U (FR2.120-1),
S=10D:2G:2U

	Active DL BWP index
	 
	1

	CSI-RS for tracking
	First OFDM symbol in the PRB used for CSI-RS (l0)
	 
	6 for CSI-RS resource 1 and 3
10 for CSI-RS resource 2 and 4 

	
	CSI-RS offset
	Slots
	1 for CSI-RS resource 1 and 2
2 for CSI-RS resource 3 and 4

	
	CSI-RS periodicity
	Slots
	80 (10ms)

	PDCCH configuration
	Number of PDCCH candidates and aggregation levels
	 
	 1/AL8

	PDSCH configuration
	Mapping type
	 
	Type A

	
	k0
	 
	0

	
	Starting symbol (S) 
	 
	1

	
	Length (L)
	 
	13

	
	PDSCH aggregation factor
	 
	1

	
	PRB bundling type
	 
	Static

	
	PRB bundling size
	 
	2

	
	Resource allocation type
	 
	Type 0

	
	RBG size
	 
	Config2

	
	VRB-to-PRB mapping type
	 
	Non-interleaved

	
	VRB-to-PRB mapping interleaver bundle size
	 
	N/A

	PDSCH DMRS configuration
	DMRS Type
	 
	Type 1

	
	Number of additional DMRS
	 
	Option 2: 2

	
	Maximum number of OFDM symbols for DL front loaded DMRS
	 
	1

	PT-RS configuration
	Frequency density (KPT-RS)
	
	1

	
	Time density (LPT-RS)
	
	2

	Propagation channel
	 
	Uni-directional: Single-tap channel, described in [2].
Bi-directional: Single-tap channel with and without Doppler sign alternation, described in [2].

	Antenna configuration
	 
	2x2 ULA Low Correlation

	Number of MIMO layers
	 
	1

	MCS
	 
	MCS13, MCS 19



The following RS configuration options were proposed for the frequency offset tracking [1]:
	· 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)



In our simulations, Option 2 with 3 DM-RS was used as a baseline. However, additionally, PT-RS was also transmitted because these signals are almost always used in FR2 to compensate phase noise.
PT-RS were not introduced neither in Option 2 (DMRS (1+1+1)) nor in the PDSCH demodulation parameters. However, their usage is highly recommended in FR2. They are always present in UE FR2 PDSCH test configurations defined in TS 38.101-04.

Propagation conditions
The absolute value of maximum Doppler shift  depends on the UE speed and for 30 GHz carrier frequency equals
· 7227 Hz for 260 kmph,
· 9729 Hz for 350 kmph.
The details of channel models are described in our accompanying contribution [2].
We prefer using the channel models with Doppler shift traces shown in Figure 1 and Figure 2 for bi-directional and uni-directional setting, respectively.
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[bookmark: _Ref68166768]Figure 4: Doppler shift trajectories in DL with Doppler sign alternation, bi-directional setting

[image: ]
[bookmark: _Ref68166780]Figure 5: Doppler shift trajectories in DL, uni-directional setting.

We also carried out simulations with a single-tap channel model that was originally introduced for HST FR1 in TS 38.101-4 B.3 with the Doppler shift trajectory shown in Figure 3.
[image: ]
[bookmark: _Ref68168770]Figure 6: Doppler shift trajectories in DL, bi-directional setting (TS 38.101-4 B.3 model).

Simulation results
Link-level simulation results demonstrating PDSCH demodulation performance are collected in Table 1 depending on the following parameters:
· Scenario-A vs. Sceanrio-B
· Maximum speed: 250 kmph and 350 kmph
· Single-tap channel model: bi-directional with Doppler sign alternation at RRH site change, uni-directional, bi-directional (TS 38.101-4 B.3).

Table 6: PDSCH demodulation performance, simulation results, MCS 13.
	HST FR2 deployment scenario
	Channel model
	MCS
	Train Speed, kmph
	SINR (relative TPut 30%), dB
	SINR (relative TPut 70%), dB
	SINR (relative TPut 95%), dB

	Scenario-A
	Single-tap, bi-directional with Doppler sign alternation
	13
	260
	-1,37
	4,48
	4,93

	Scenario-A
	Single-tap, bi-directional with Doppler sign alternation
	13
	350
	-1,37
	4,48
	4,93

	Scenario-B
	Single-tap, bi-directional with Doppler sign alternation
	13
	260
	-1,37
	4,48
	4,93

	Scenario-B
	Single-tap, bi-directional with Doppler sign alternation
	13
	350
	-1,37
	4,48
	4,93

	Scenario-A
	Single-tap, uni-directional
	13
	260
	-1,37
	4,48
	4,93

	Scenario-A
	Single-tap, uni-directional
	13
	350
	-1,37
	4,48
	4,93

	Scenario-B
	Single-tap, uni-directional
	13
	260
	-1,37
	4,48
	4,93

	Scenario-B
	Single-tap, uni-directional
	13
	350
	-1,37
	4,48
	4,93

	Scenario-A
	Single-tap, bi-directional
	13
	260
	-1,37
	4,48
	4,93

	Scenario-A
	Single-tap, bi-directional
	13
	350
	-1,37
	4,48
	4,93

	Scenario-B
	Single-tap, bi-directional
	13
	260
	-1,37
	4,47
	4,92

	Scenario-B
	Single-tap, bi-directional
	13
	350
	-1,06
	4,48
	4,92



As far as the demodulation performance in all of simulated cases is very close, we are demonstrating the dependence of TPut on SNR only on the example of single-tap uni-directional channel (Figure 4).

[image: ]
[bookmark: _Ref68177105][bookmark: _Ref68177100]Figure 7: PDSCH throughput dependence on SNR, single-tap uni-directional channel mode, MCS 13.

A similar set of simulations was carried out for MCS 19 also. However, the same behaviour of the PDSCH performance was observed. The results are almost agnostic to the CPE speed, channel model, and scenario type. For reference, we present in Table 4 the simulation results for a few cases at 350 and 260 kmph train speed.

[bookmark: _Ref68179614][bookmark: _Ref68179611]Table 7: PDSCH demodulation performance, simulation results, MCS 19.
	HST FR2 deployment scenario
	Channel model
	MCS
	Train Speed, kmph
	SINR (relative TPut 30%), dB
	SINR (relative TPut 70%), dB
	SINR (relative TPut 95%), dB

	Scenario-A
	Single-tap, bi-directional with Doppler sign alternation
	19
	260
	1.63
	9.47
	9.92

	Scenario-B
	Single-tap, bi-directional with Doppler sign alternation
	19
	260
	1.63
	9.44
	9.93

	Scenario-A
	Single-tap, bi-directional with Doppler sign alternation
	19
	350
	1.63
	9.48
	9.92

	Scenario-B
	Single-tap, bi-directional with Doppler sign alternation
	19
	350
	1.63
	9.47
	9.93



PDSCH transmission at 350 km/h speed can be supported in HST FR2 in single-tap propagation conditions if 3 DM-RS (1+1+1) and PT-RS (frequency density 1, time density 2) are used.
Therefore, combining Observations 1 and 2, we can make the following proposal:
RAN4 to necessitate transmitting of PT-RS with PDSCH in HST FR2 deployments.
RAN4 to use PT-RS signals with time density 2 in DL.


Conclusion
In the paper, we are presenting the results of link-level simulations that demonstrate the demodulation performance of PUSCH and PDSCH channels in single-tap propagation conditions at candidate maximum train speeds, in uni- and bi-directional settings, and with different reference signals.
The following observations and proposals were made:

On maximum supported speed in UL:
1. In PUSCH with mapping Type B, allocation length 8 and 9 has the same DM-RS patterns. Since the performance of these two cases is very close. It would make more sense to introduce allocation length 10 instead of 9 to study sparser DM-RS pattern.
Looking at PUSCH demodulation performance in single-tap propagation conditions, it can be concluded that:
- 3 DM-RS (1+1+1) reference symbols are not sufficient to cope with frequency offset in all priority scenarios
- 3 DM-RS (1+1+1) can be potentially used only with 260 kmph maximum train speed in uni-directional setting
- The presence of PT-RS (time density 2) is needed to provide reliable connectivity at 350 kmph.
PT-RS support is mandatory UE capability in FR2.
1. RAN4 to necessitate transmitting of PT-RS with PUSCH in HST FR2 deployments if it is decided to support 350kmph maximum train speed.
If RAN4 decides to use PT-RS signals in UL, then their time density should be 2.
If RAN4 to discuss whether 260 kmph speed can be supported without PT-RS, and what reference signals configuration can be used in this case.

On maximum supported speed in DL:
PT-RS were not introduced neither in Option 2 (DMRS (1+1+1)) nor in the PDSCH demodulation parameters. However, their usage is highly recommended in FR2. They are always present in UE FR2 PDSCH test configurations defined in TS 38.101-04.
PDSCH transmission at 350 km/h speed can be supported in HST FR2 in single-tap propagation conditions if 3 DM-RS (1+1+1) and PT-RS (frequency density 1, time density 2) are used.
RAN4 to necessitate transmitting of PT-RS with PDSCH in HST FR2 deployments.
RAN4 to use PT-RS signals with time density 2 in DL.
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3GPP TSG - RAN  WG4 Meeting # 9 8bis - e   R4 - 21 06916   E - meeting ,  April 12 - 20, 2021     Source:   Nokia,  Nokia   Shanghai Bell   Title:   On HST FR2   Maximum Supported Speed from Demodulation  Perspective   Agenda item:   8.7. 5 .1   Document for:   Discussion       1   Intro ductio n   In the WF  [1]   from the RAN4 e - meeting  # 98 - e it was agreed to continue the analysis of maximum supported speed in  HST FR2 deployment:  

   RAN4 shall  check the maximum supportable speed from demodulation perspective  and accordingly the possible enhancement:   o   Candidate maximum speed values to be evaluated:      260kmph      350kmph       Other options if identified.        FFS under bi -   and uni - directional deployment.      FFS the   possible higher supported speed for uni - directional deployment.  

  In this paper,  we are prese nting the results of  link - level simulations  that demonstrate the demodulation performance of  P USCH and P DSCH channel s   in  single - tap  propagation  conditions   at candidate maximum   train   speeds,   in uni -   and bi - directional setting s , and with different reference signals.   M ore detailed information about the propagation models used in this pa per can be found in our  accompanying  contribution   [2] .       2   Maximum supported speed ,  U L   2.1   Simulation parameters   In the  WF   [1] ,  the   reference   PUSCH   simulation parameters were proposed   for HST FR2 maximum speed evaluation .  Our simulation parameters are summarized in  Table  1 .   The parameters different from the WF are marked with yellow.     Table  1 : PUSCH parameters for maximum speed evaluation.  

Parameter  Value  

Transform precoding  Disabled  

Default TDD UL - DL  pattern (Note 1)  120kHz SCS:  

