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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 single tap 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 the UE requirements for HST-SFN scenarios.
2 Discussion
Single tap HST channel model is used for definition of LTE Rel-8 and NR Rel-15 requirements for HST deployment. The single tap scenario corresponds to a general HST deployment which includes multiple RRHs deployed across the railways. In contrast to HST-SFN deployments, the single tap scenario characterizes the case when RRHs perform non-SFN transmissions to the UEs. The deployment is characterized by a distance between RRHs (gNB) Ds and distance to railway track Dmin. Table 1 provides information on the respective parameters values which are used for NR Rel-15 requirements definition. Figure 1 illustrates Doppler shift variation for a single tap channel model with 300 km/h train speed and 2.7 GHz carrier frequency. 
Table 1. Deployment parameters for NR HST single tap scenario

	Parameter
	Value, m

	DS
	300

	Dmin
	2
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	Figure 1. Frequency shift variation for Single tap HST model


The main purpose of PDSCH demodulation test under HST single tap scenario is to ensure that UE can handle high Doppler shift values and track fast variations of Doppler shift from positive to negative value.
Rel-15 NR HST requirements are defined under 300 km/h train speed conditions. For 15 kHz SCS requirements a 2.7GHz carrier frequency was assumed which corresponds to 750Hz maximum Doppler shift. For 30 kHz SCS requirements a 3.6GHz carrier frequency was assumed which corresponds to 1000Hz maximum Doppler shift. 
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 (see Annex A). 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. In general, the maximum supported Doppler frequency depends on both DL and UL performance and it may be not reasonable to introduce tight DL requirements along with loose UL requirements and vice versa. Below we provide analysis of the frequency error models, DL/UL design limitations and initial assessment of max supported speed / Doppler frequency in the single tap scenarios. 
2.1 Single tap HST frequency error model

In case of single tap channel model, the DL and UL RX signals will include Doppler shift which will affect the frequency errors for the DL and UL signals. At the UE side, it is not possible to completely differentiate the RX LO frequency error and receive signal Doppler shift (FDoppler). Hence, UE will adjust its RF chains to match the carrier frequency of the RX signal. 
The following generic DL/UL frequency error model can be assumed:

· gNB TX/RX carrier frequency FgNB can be expressed as follows

FgNB = FC + ΔFgNB

· Fc is the ideal TX/RX carrier frequency 

· ΔFgNB is BS TX carrier frequency error (e.g. ±0.05ppm)

· DL TX signal frequency (FDL_TX) is same the gNB TX carrier frequency (under assumption that UE does not apply any carrier frequency pre-compensation)
FDL_TX = FgNB = FC + ΔFgNB

· DL RX signal frequency at the UE side (FDL_RX) will include additional frequency offset due to Doppler shift (FDoppler) relative to the gNB transmit frequency
FDL_RX = FDL_TX + FDoppler  = FC + ΔFgNB + FDoppler
FDoppler = v/c * FgNB
· where v is the UE speed relative to the gNB. 
· UE TX/RX carrier frequency FUE  will be adjusted to the DL RX signal frequency and can be derived as 

FUE = FDL_RX + ΔFUE = FC + ΔFgNB + FDoppler+ ΔFUE
· ΔFUE is UE TX carrier frequency error which comes due to imperfect frequency tracking. In general case the error is typically bounded by ±0.1ppm, but this may not necessarily hold true for the NR HST single tap scenario (e.g. in case UE is not provided with sufficient RS for FO tracking the errors may exceed 0.1ppm as shown in section 2.2.1).

· Note that we assume that UE cannot differentiate LO frequency errors/fluctuations and the effective Doppler shift and the AFC scheme will handle a combined effect and tune the TX/RX LO oscillator with respect to the effective DL RX signal frequency.

· The effective residual frequency error for DL reception at the UE side ΔFDL can be expressed as follows:

ΔFDL = FDL_RX - FUE = ΔFUE
· UL TX signal frequency (FUL_TX) is same the UE TX/RX carrier frequency 

FUL_TX = FUE = FC + ΔFgNB+ FDoppler+ ΔFUE
· UL RX signal frequency at the gNB side (FUL_RX) will include additional frequency offset due to Doppler shift (FDoppler) relative to the UL transmit frequency
FUL_RX = FUL_TX + FDoppler  =  FC + ΔFgNB + FDoppler + ΔFUE + FDoppler

· The effective residual frequency error for UL reception at the gNB side ΔFUL can be expressed as follows:

ΔFUL = FUL_RX – FgNB = 2FDoppler + ΔFUE 
Observation #1: In case of HST single tap model
· DL frequency error can be represented as “ΔFUE”, where ΔFUE is the UE frequency tracking error. 

· UL frequency error can be represented as “2 * FDoppler + ΔFUE”, where FDoppler is the Doppler shift due to propagation through single tap HST channel and ΔFUE is the UE frequency tracking error.
2.2 DL performance

2.2.1 Frequency offset tracking

For DL reception UE is expected to perform continuous FO tracking and apply LO adjustment to match the RX signal carrier frequency. In general, different RSs can be used for FO tracking including TRS (i.e. CSI-RS for tracking), PDSCH DMRS (in case the PDSCH is scheduled), SS/PBCH. 
SS/PBCH are typically applied for coarse frequency tracking and further adjustment is assumed to be done based on TRS signals. CSI-RS for tracking (also known as TRS) are dedicated reference signals which were introduced for tracking of different parameters of propagation conditions (i.e. Doppler shift, Doppler spread, average delay, delay spread). In additional to TRS based parameters estimation, PDSCH DMRS based estimation can be used to improve accuracy. PDSCH transmission in each slot is not guaranteed and, hence, it is reasonable to assume that the minimum requirements shall be derived based on TRS FO tracking.
Observation #2: SS/PBCH and TRS based CFO tracking are used as baseline methods for FO tracking at UE side. PDSCH DMRS tracking can be used to improve performance in case PDSCH transmissions are present.
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.

Table 2. Maximum estimated frequency offset in DL

	RS
	SCS

	
	15 kHz
	30 kHz
	60 kHz

	TRS
	1750 Hz
	3500 Hz
	7000 Hz  

	PDSCH with 3 add. DMRS
	2333 Hz
	4666 Hz
	9333 Hz

	PDSCH with 2 add. DMRS
	1750 Hz
	3500 Hz
	7000 Hz

	PDSCH with 1 add. DMRS
	875 Hz
	1750 Hz
	3500 Hz


Single tap HST channel model has a specific Doppler shift trajectory and has regions with fast change of Doppler frequency from positive to negative value and vice versa (“slope” regions). TRS signals have at least 10ms transmission periodicity and, hence, TRS based FO tracking will result in systematic residual FO errors in the slots between the consecutive TRS transmissions (Figure 2). In Figure 3 we illustrate the max difference between Doppler frequency, assumed at the receiver side, after TRS based estimation, and actual Doppler frequency for different TRS periodicity and different assumptions on TRS filtering. In particular, the results are provided for the case when UE use single-shot FO estimate using TRS and for the case when UE applies filtering of estimates between the 2 consecutive TRS occasions.
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	Figure 2. Difference between estimated and actual Doppler frequency value.
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	Figure 3. Residual frequency offset error. 


Based on the above evaluations we can observe that the maximum residual FO is 880, 1320 and 1560Hz for the case of 10ms, 20ms and 40ms TRS periodicity for single-shot TRS processing. The max residual FO can further increase in case of certain filtering for FO estimates across multiple samples. For example, for two-shot processing error can be up to 1480, 2060 and 2365 Hz depending on TRS periodicity. Taking into account that UE is not aware if it works in Single tap HST deployment or general (non-HST) deployment, we cannot guarantee that UE does not make TRS filtering which can degrade performance in HST deployment with extreme speed conditions. Therefore, additional network assistance on the presence of single tap HST conditions can be beneficial to allow UE to adjust RX FO tracking loops.
Observation #3: For the single tap HST channel model UE may have systematic residual frequency error in case of using TRS based FO tracking. 

· For the single shot FO estimates the error may reach up to 880, 1320 and 1560Hz for TRS with 10 ms, 20ms and 40ms periodicity, respectively. 
· In case of TRS filtering across multiple FO estimates is applied, the systematic error can further increase. 
Proposal #1:
Further study network assistance for Single tap HST scenarios with speed up to 500 km/h
The max FO which can be estimated using TRS is 1750 Hz for 15kHz SCS and 3500 Hz for 30kHz SCS. Therefore, to avoid possible ambiguity of FO estimation, it is recommended to consider 10ms TRS periodicity at least for 15 kHz SCS. The residual compensation can be also performed using PDSCH DMRS and to avoid issues with FO estimation ambiguity, 3 additional DMRS symbols are recommended to be considered for 15 kHz SCS case and 2 additional DMRS symbols for the 30 kHz SCS case. Same time, Rel-15 HST requirements with train speed 300 km/h were defined with TRS periodicity 10ms and 2 additional DMRS. Therefore, it is rather reasonable to assume TRS periodicity not higher than 10ms and number of additional DMRS not less than 2 for speed higher than 300 km/h.
Proposal #2:
Use the following TRS and DMRS configuration for Rel-16 NR single tap HST requirements

· TRS periodicity: 10 ms

· Number of additional DMRS: 3 for 15 kHz SCS and 2 or 3 for 30 kHz SCS
2.2.2 Demodulation performance 

In Figure 4 we provide the initial PDSCH simulation results for the single tap HST propagation conditions with up to 1666Hz Doppler frequency using the following assumptions:
· Duplex mode: FDD

· CBW/SCS: 10 MHz+15 kHz; 10 MHz+30 kHz; Full allocation  

· PDSCH mapping: Type A, Start symbol 2, Duration 12

· DMRS configuration: Type 1

· TRS configuration: 10ms, 2 slots, offset 10
· FRC candidates: QPSK Rank 1 (MCS 6) / 16QAM Rank 1 (MCS 12) / 64QAM Rank 1 (MCS 17)

· Channel model: Single Tap HST with 1666 max Doppler frequency (500km/h + 3.6 GHz) 

· AFC: on; estimation by TRS/TRS + DMRS
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	Figure 4. NR DL demodulation performance in HST Single tap channel model.


Observation #4: 
· For TRS based CFO tracking, maximum throughput value cannot be reached for scenarios with MCS 12 and MCS17 and the highest Doppler shift value (i.e. 1666 Hz) due to residual frequency error in “slope” region

· TRS+DMRS CFO tracking allows to improve PDSCH performance for scenarios with MCS 12 and MCS 17.

2.3 UL performance

2.3.1 Frequency offset tracking 

In accordance to section 2.1 the max frequency error in UL at the gNB RX side is “2 ∙ FDoppler + ΔFUE”. The Doppler frequency (FDoppler) component is equal 1666 Hz for the case of 3.6GHz carrier frequency and 500km/h speed. Therefore, the total frequency offset upper bound is equal to at least 3.3 kHz (without taking into account UE FO tracking errors which can be quite high as shown in the analysis above). 

For UL demodulation it is reasonable to assume that gNB may receive signals from multiple UEs simultaneously and, hence, gNB may have limited capabilities to perform pre-FFT FO adjustment for each individual UE. Hence, it may be assumed that gNB may track the frequency offset of each individual UE using PUSCH DMRS on a per-slot basis and apply post-FFT FO compensation as a part of PUSCH demodulation. In Table 3 we present maximum theoretical limit of estimated frequency offset using PUSCH DMRS.

Table 3. Maximum estimated frequency offset in UL

	RS
	SCS

	
	15 kHz
	30 kHz
	60 kHz

	PUSCH with 3 add. DMRS
	2333 Hz
	4666 Hz
	9333 Hz

	PUSCH with 2 add. DMRS
	1750 Hz
	3500 Hz
	7000 Hz

	PUSCH with 1 add. DMRS
	875 Hz
	1750 Hz
	3500 Hz


Observations #5: Due to limitation on maximum handled estimated frequency offset in UL
· For scenarios with 15 kHz:

· System cannot work in scenarios with 3.6GHz carrier frequency and 500km/h speed (i.e. Doppler shift 3.3 kHz) 
· Maximum theoretical supported Doppler shift in one direction (UL or DL) for scenarios with 15 kHz SCS is about 1000 Hz (taking into account UE frequency tracking error)
· For scenarios with 30 kHz:

· Scenarios with 3.6GHz carrier frequency and 500km/h speed potentially can be handled only in case PUSCH with 3 additional DMRS is configured

In general case it is not reasonable to define DL demodulation requirements to support 500km/h + 3.6GHz carrier frequency (i.e. 1.6 kHz Doppler shift) in case the corresponding scenario cannot be supported in UL the direction. Therefore, we recommend to either limit the max Doppler shift considered for 15 kHz SCS scenarios or further study possible enhancements to reduce the RX frequency errors at the gNB side. For instance, certain gNB RX FO tracking enhancements can be considered, alternatively UE TX FO adjustment may be considered to reduce the residual errors.
2.3.2 Demodulation performance
As shown above the gNB may configure multiple DMRS in order to be able to handle large frequency offsets. However, the frequency offset compensation in general can be performed in frequency domain (post-FFT) and, hence, the demodulation performance will still suffer from the ICI. 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 SCS and modulation orders are presented in Figure 5. The key simulation assumptions are provided below:
· CBW/SCS: 10 MHz + 15 kHz; 10 MHz + 30 kHz; Full allocation  
· PUSCH mapping: Type A, Start symbol 2, Duration 12

· FRC: QPSK Rank 1 (MCS 6) / 16QAM Rank 1 (MCS 12) / 64QAM Rank 1 (MCS 17)

· Channel model: Static channel model

· Frequency offset: 
· 15 kHz SCS: 0, 1600 : 100 : 2300
· 30 kHz SCS: 0, 2000 : 200 : 3400

· Frequency offset estimation: Ideal
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	Figure 5. FO impact on UL demodulation performance


In Table 4 and Table 5 we summarize the simulation results in terms of performance degradation compared to scenario with zero frequency offset. In green colour we highlight the scenarios where degradation is less than 2dB, orange for scenarios with more than 2 dB loss.
Table 4. Summary of UL simulation results for 15 kHz SCS, ∆SNR @ 70% of max throughput compared to 0 FO case, [dB]
	
	Frequency offset

	
	1600 Hz
	1700 Hz
	1800 Hz
	1900 Hz
	2000 Hz
	2100 Hz
	2200 Hz
	2300 Hz

	
	15 kHz SCS

	MCS 6
	0.4
	0.5
	0.5
	0.6
	0.6
	0.7
	0.8
	0.9

	MCS 12
	0.8
	0.9
	1
	1.2
	1.3
	1.5
	1.6
	1.8

	MCS 17
	2.1
	2.5
	2.9
	3.4
	4
	4.6
	5.5
	6.7


Table 5. Summary of UL simulation results for 30 kHz SCS, ∆SNR @ 70% of max throughput compared to 0 FO case, [dB]
	
	Frequency offset

	
	2000 Hz
	2200 Hz
	2400 Hz
	2600 Hz
	2800 Hz
	3000 Hz
	3200 Hz
	3400 Hz

	
	30 kHz SCS

	MCS 6
	0.1
	0.2
	0.3
	0.3
	0.4
	0.4
	0.5
	0.5

	MCS 12
	0.3
	0.4
	0.4
	0.6
	0.6
	0.7
	0.8
	0.9

	MCS 17
	0.7
	0.8
	1
	1.2
	1.5
	1.7
	2
	2.4


Observation #6: UL demodulation performance degradation due to ICI effect
· For 15 kHz SCS Acceptable performance degradation (< 2dB) is observed for QPSK and 16QAM. Substantial performance impact is observed for the 64QAM transmissions.
· For 30 kHz SCS acceptable performance degradation (< 2dB) is observed for the most investigated scenarios.
3 Conclusions

In this paper we provided initial views on the UE demodulation performance for HST single tap scenarios and made the following observations:
Observation #1: In case of HST single tap model

· DL frequency error can be represented as “ΔFUE”, where ΔFUE is the UE frequency tracking error. 

· UL frequency error can be represented as “2 ∙ FDoppler + ΔFUE”, where FDoppler is the Doppler shift due to propagation through single tap HST channel and ΔFUE is the UE frequency tracking error.

Observation #2: SS/PBCH and TRS based CFO tracking are used as baseline methods for FO tracking at UE side. PDSCH DMRS tracking can be used to improve performance in case PDSCH transmissions are present.
Observation #3: For the single tap HST channel model UE may have systematic residual frequency error in case of using TRS based FO tracking. 

· For the single shot FO estimates the error may reach up to 880, 1320 and 1560Hz for TRS with 10 ms, 20ms and 40ms periodicity, respectively. 
· In case of TRS filtering across multiple FO estimates is applied, the systematic error can further increase. 
Observation #4: 
· For TRS based CFO tracking, maximum throughput value cannot be reached for scenarios with MCS 12 and MCS17 and the highest Doppler shift value (i.e. 1666 Hz) due to residual frequency error in “slope” region

· TRS+DMRS CFO tracking allows to improve PDSCH performance for scenarios with MCS 12 and MCS 17.

Observations #5: Due to limitation on maximum handled estimated frequency offset in UL
· For scenarios with 15 kHz:

· System cannot work in scenarios with 3.6GHz carrier frequency and 500km/h speed (i.e. Doppler shift 3.3 kHz) 
· Maximum theoretical supported Doppler shift in one direction (UL or DL) for scenarios with 15 kHz SCS is about 1000 Hz (taking into account UE frequency tracking error)

· For scenarios with 30 kHz:

· Scenarios with 3.6GHz carrier frequency and 500km/h speed potentially can be handled only in case PUSCH with 3 additional DMRS is configured

Observation #6: UL demodulation performance degradation due to ICI effect
· For 15 kHz SCS Acceptable performance degradation (< 2dB) is observed for QPSK and 16QAM. Substantial performance impact is observed for the 64QAM transmissions.
· For 30 kHz SCS acceptable performance degradation (< 2dB) is observed for the most investigated scenarios.
Based on all observations, we can conclude that it is important to take into account both DL and UL demodulation aspects to make the final decision on maximum Doppler shift (maximum speed and carrier frequency) for Rel-16 NR HST single tap requirements. Also, it is very important to take into account not only limitations from demodulation, but also from RRM. In result, we have the following proposals:
Proposal #1:
Further study network assistance for Single tap HST scenarios with speed up to 500 km/h
Proposal #2:
Use the following TRS and DMRS configuration for Rel-16 NR single tap HST requirements

· TRS periodicity: 10 ms

· Number of additional DMRS: 3 for 15 kHz SCS and 2 or 3 for 30 kHz SCS
Proposal #3:
Assume that maximum Doppler shift is not higher than 1000 Hz for Rel-16 HST single tap requirements with SCS 15 kHz.
Proposal #4:
Final value for maximum Doppler shift for Rel-16 HST single tap requirements should take into account limitations from DL/UL demodulation and RRM processing.
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Annex A
Table 6. Maximum Doppler shift for different carrier frequencies and train speeds
	Carrier frequency
	Speed, km/h

	
	100
	150
	200
	250
	300
	350
	400
	450
	500

	2.7 GHz
	250Hz
	375Hz
	500Hz
	625Hz
	750Hz
	875Hz
	1000Hz
	1125Hz
	1250Hz

	3.6 GHz
	333Hz
	500Hz
	666Hz
	833Hz
	1000Hz
	1166Hz
	1333Hz
	1500Hz
	1666Hz
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