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1	Introduction
A new WI on NR support for high speed train scenario [1] was approved at the RAN#84 meeting. One objective of the WI is to investigate and determine the maximum Doppler shift based on the operating frequency, speed and NR design limitations for all UL/DL physical channels. In the WI, the considered target vehicular speed and operating frequency are up to 500 km/h and 3.6 GHz, respectively. 

This document determines the theoretical maximum Doppler shift, which can be derived from reference signal design structures of uplink NR physical channels.  
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DM-RS
For time-varying channel as in the high-speed trains scenario, the accuracy of Doppler shift estimation depends on the number of DM-RS symbols distributed in the time domain. The minimum time interval  between 2 DM-RS symbols in one slot sets the theoretical upper limit of Doppler shift  that can be accurately estimated. The theoretical maximum Doppler shift can be calculated as
 
Referring to Section 6.4 in TS 38.211, 2 types of DM-RS design are supported for PUSCH, namely PUSCH mapping type A and B. The main difference between these 2 types is in the location of the first DM-RS symbol. Table 1 shows the DM-RS structure of PUSCH mapping type A and B, which is taken from Table 6.4.1.1.3-3 in TS 38.211. For PUSCH mapping type A:

-	 is defined relative to the start of the slot if frequency hopping is disabled and relative to the start of each hop in case frequency hopping is enabled

-	 is given by the higher-layer parameter dmrs-TypeA-Position
and for PUSCH mapping type B:

-	 is defined relative to the start of the scheduled PUSCH resources if frequency hopping is disabled and relative to the start of each hop in case frequency hopping is enabled

-	 
From Table 1, it can be seen that PUSCH supports the DM-RS density per slot can increase from one up to four symbols.    
Tables 2-4 show the achievable maximum Doppler shift for different DM-RS density corresponding to Table 1 for PUSCH mapping type A and SCS = 15 kHz, 30 kHz and 60 kHz.
Tables 5-7 show the maximum achievable Doppler shift for PUSCH mapping type B. 




Table 1: PUSCH DM-RS positions  within a slot for single-symbol DM-RS and intra-slot frequency hopping disabled (Table 6.4.1.1.3-3, TS 38.211)
	  in symbols
	
DM-RS positions 

	
	PUSCH mapping type A
	PUSCH mapping type B

	
	dmrs-AdditionalPosition
	dmrs-AdditionalPosition
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Table 2: Maximum Doppler shift for PUSCH mapping type A for SCS = 15 kHz and  = ‘pos2’
	  in symbols
	PUSCH mappnig type A
dmrs-AdditionalPosition

	
	0
	1
	2
	3

	<4
	-
	-
	-
	-

	4
	 = 500 Hz
	 = 500 Hz
	 = 500 Hz
	 = 500 Hz

	5
	 = 500 Hz
	 = 500 Hz
	 = 500 Hz
	 = 500 Hz

	6
	 = 500 Hz
	 = 500 Hz
	 = 500 Hz
	 = 500 Hz

	7
	 = 500 Hz
	 = 500 Hz
	 = 500 Hz
	 = 500 Hz

	8
	 = 500 Hz
	 = 1400 Hz
	 = 1400 Hz
	 = 1400 Hz

	9
	 = 500 Hz
	 = 1400 Hz
	 = 1400 Hz
	 = 1400 Hz

	10
	 = 500 Hz
	 = 1000 Hz
	 = 2333 Hz
	 = 2333 Hz

	11
	 = 500 Hz
	 = 1000 Hz
	 = 2333 Hz
	 = 2333 Hz

	12
	 = 500 Hz
	 = 1000 Hz
	 = 2333 Hz
	 = 2333 Hz

	13
	 = 500 Hz
	 = 778 Hz
	 = 1750 Hz
	 = 2333 Hz

	14
	 = 500 Hz
	 = 778 Hz
	 = 1750 Hz
	 = 2333 Hz












Table 3: Maximum Doppler shift for PUSCH mapping type A for SCS = 30 kHz and  = ‘pos2’
	  in symbols
	PUSCH mappnig type A
dmrs-AdditionalPosition

	
	0
	1
	2
	3

	<4
	-
	-
	-
	-

	4
	 = 1000 Hz
	 = 1000 Hz
	 = 1000 Hz
	 = 1000 Hz

	5
	 = 1000 Hz
	 = 1000 Hz
	 = 1000 Hz
	 = 1000 Hz

	6
	 = 1000 Hz
	 = 1000 Hz
	 = 1000 Hz
	 = 1000 Hz

	7
	 = 1000 Hz
	 = 1000 Hz
	 = 1000 Hz
	 = 1000 Hz

	8
	 = 1000 Hz
	 = 2800 Hz
	 = 2800 Hz
	 = 2800 Hz

	9
	 = 1000 Hz
	 = 2800 Hz
	 = 2800 Hz
	 = 2800 Hz

	10
	 = 1000 Hz
	 = 2000 Hz
	 = 4666 Hz
	 = 4666 Hz

	11
	 = 1000 Hz
	 = 2000 Hz
	 = 4666 Hz
	 = 4666 Hz

	12
	 = 1000 Hz
	 = 2000 Hz
	 = 4666 Hz
	 = 4666 Hz

	13
	 = 1000 Hz
	 = 1556 Hz
	 = 3500 Hz
	 = 4666 Hz

	14
	 = 1000 Hz
	 = 1556 Hz
	 =3500 Hz
	 = 4666 Hz




Table 4: Maximum Doppler shift for PUSCH mapping type A for SCS = 60 kHz (normal cyclic prefix) and  = ‘pos2’
	  in symbols
	PUSCH mappnig type A
dmrs-AdditionalPosition

	
	0
	1
	2
	3

	<4
	-
	-
	-
	-

	4
	 = 2000 Hz
	 = 2000 Hz
	 = 2000 Hz
	 = 2000 Hz

	5
	 = 2000 Hz
	 = 2000 Hz
	 = 2000 Hz
	 = 2000 Hz

	6
	 = 2000 Hz
	 = 2000 Hz
	 = 2000 Hz
	 = 2000 Hz

	7
	 = 2000 Hz
	 = 2000 Hz
	 = 2000 Hz
	 = 2000 Hz

	8
	 = 2000 Hz
	 = 5600 Hz
	 = 5600 Hz
	 = 5600 Hz

	9
	 = 2000 Hz
	 = 5600 Hz
	 = 5600 Hz
	 = 5600 Hz

	10
	 = 2000 Hz
	 = 4000 Hz
	 = 9332 Hz
	 = 9332 Hz

	11
	 = 2000 Hz
	 = 4000 Hz
	 = 9332 Hz
	 = 9332 Hz

	12
	 = 2000 Hz
	 = 4000 Hz
	 = 9332 Hz
	 = 9332 Hz

	3
	 = 2000 Hz
	 = 3112 Hz
	 = 7000 Hz
	 = 9332 Hz

	14
	 = 2000 Hz
	 = 3112 Hz
	 = 7000 Hz
	 = 9332 Hz










[bookmark: _GoBack]Table 5: Maximum Doppler shift for PUSCH mapping type B for SCS = 15 kHz and  = 0
	  in symbols
	PUSCH mappnig type A
dmrs-AdditionalPosition

	
	0
	1
	2
	3

	<4
	 = 500 Hz
	 = 500 Hz
	 = 500 Hz
	 = 500 Hz

	4
	 = 500 Hz
	 = 500 Hz
	 = 500 Hz
	 = 500 Hz

	5
	 = 500 Hz
	 = 1750 Hz
	 = 1750 Hz
	 = 1750 Hz

	6
	 = 500 Hz
	 = 1750 Hz
	 = 1750 Hz
	 = 1750 Hz

	7
	 = 500 Hz
	 = 1750 Hz
	 = 1750 Hz
	 = 1750 Hz

	8
	 = 500 Hz
	 = 1167 Hz
	 = 2333 Hz
	 = 2333 Hz

	9
	 = 500 Hz
	 = 1167 Hz
	 = 2333 Hz
	 = 2333 Hz

	10
	 = 500 Hz
	 = 875 Hz
	 = 1750 Hz
	 = 2333 Hz

	11
	 = 500 Hz
	 = 875 Hz
	 = 1750 Hz
	 = 2333 Hz

	12
	 = 500 Hz
	 = 700 Hz
	 = 1400 Hz
	 = 2333 Hz

	13
	 = 500 Hz
	 = 700 Hz
	 = 1400 Hz
	 = 2333 Hz

	14
	 = 500 Hz
	 = 700 Hz
	 = 1400 Hz
	 = 2333 Hz




Table 6: Maximum Doppler shift for PUSCH mapping type B for SCS = 30 kHz and  = 0
	  in symbols
	PUSCH mappnig type A
dmrs-AdditionalPosition

	
	0
	1
	2
	3

	<4
	 = 1000 Hz
	 = 1000 Hz
	 = 1000 Hz
	 = 1000 Hz

	4
	 = 1000 Hz
	 = 1000 Hz
	 = 1000 Hz
	 = 1000 Hz

	5
	 = 1000 Hz
	 = 3500 Hz
	 = 3500 Hz
	 = 3500 Hz

	6
	 = 1000 Hz
	 = 3500 Hz
	 = 3500 Hz
	 = 3500 Hz

	7
	 = 1000 Hz
	 = 3500 Hz
	 = 3500 Hz
	 = 3500 Hz

	8
	 = 1000 Hz
	 = 2334 Hz
	 = 4666 Hz
	 = 4666 Hz

	9
	 = 1000 Hz
	 = 2334 Hz
	 = 4666 Hz
	 = 4666 Hz

	10
	 = 1000 Hz
	 = 1750 Hz
	 = 3500 Hz
	 = 4666 Hz

	11
	 = 1000 Hz
	 = 1750 Hz
	 = 3500 Hz
	 = 4666 Hz

	12
	 = 1000 Hz
	 = 1400 Hz
	 = 2800 Hz
	 = 4666 Hz

	13
	 = 1000 Hz
	 = 1400 Hz
	 = 2800 Hz
	 = 4666 Hz

	14
	 = 1000 Hz
	 = 1400 Hz
	 = 2800 Hz
	 = 4666 Hz












Table 7: Maximum Doppler shift for PUSCH mapping type B for SCS = 60 kHz (normal cyclic prefix) and  = 0
	  in symbols
	PUSCH mappnig type A
dmrs-AdditionalPosition

	
	0
	1
	2
	3

	<4
	 = 2000 Hz
	 = 2000 Hz
	 = 2000 Hz
	 = 2000 Hz

	4
	 = 2000 Hz
	 = 2000 Hz
	 = 2000 Hz
	 = 2000 Hz

	5
	 = 2000 Hz
	 = 7000 Hz
	 = 7000 Hz
	 = 7000 Hz

	6
	 = 2000 Hz
	 = 7000 Hz
	 = 7000 Hz
	 = 7000 Hz

	7
	 = 2000 Hz
	 = 7000 Hz
	 = 7000 Hz
	 = 7000 Hz

	8
	 = 2000 Hz
	 = 4668 Hz
	 = 9332 Hz
	 = 9332 Hz

	9
	 = 2000 Hz
	 = 4668 Hz
	 = 9332 Hz
	 = 9332 Hz

	10
	 = 2000 Hz
	 = 3500 Hz
	 = 7000 Hz
	 = 9332 Hz

	11
	 = 2000 Hz
	 = 3500 Hz
	 = 7000 Hz
	 = 9332 Hz

	12
	 = 2000 Hz
	 = 2800 Hz
	 = 5600 Hz
	 = 9332 Hz

	13
	 = 2000 Hz
	 = 2800 Hz
	 = 5600 Hz
	 = 9332 Hz

	14
	 = 2000 Hz
	 = 2800 Hz
	 = 5600 Hz
	 = 9332 Hz



The following observations can be made:
Observation 1: The Doppler shift per slot is proportional to the SCS irrespective of the PUSCH mapping type. SCS = 60 kHz gives the highest Doppler shift value which is 4 and 2 times that of SCS = 15 kHz and 30 kHz, respectively. 
Observation 2: The maximum Doppler shift achievable by PUSCH mapping type A and B is the same (e.g.,   = 2333 Hz for SCS = 15 kHz).
Observation 3: Both 3- and 4-DM-RS symbol densities per slot give the same maximum Doppler shift (e.g.,  = 2333 Hz for SCS = 15 kHz).  
Observation 4: Given the vehicular speed 500 km/h and operating frequency 3.6 GHz, the Doppler shift is within the theoretical limit of 3 DM-RS symbols or higher per slot for PUSCH using SCS = 30 kHz.      

PT-RS
According to Section 6.4.1.2 in TS 38.211, the number of PT-RS symbols per slot is determined by , which is defined in Table 8. The table also shows the achievable maximum Doppler shift based on the minimum time interval between 2 PT-RS symbols in a slot for each .    
Table 8: Maximum Doppler shift for different PT-RS configurations 
	Schedules MCS
	Time Density

	SCS

	
	
	15 kHz
	30 kHz
	60 kHz

	
ptrs-MCS3  IMCS < ptrs-MCS4
	1
	 = 7000 Hz
	 14000 Hz
	= 28000 Hz

	
ptrs-MCS2  IMCS < ptrs-MCS3
	2
	 = 3500 Hz
	 = 7000 Hz
	 = 14000 Hz

	
ptrs-MCS1  IMCS < ptrs-MCS2
	4
	 = 1750 Hz
	 = 3500 Hz
	 = 7000 Hz



Observation 5: As expected,  = 1 gives the highest Doppler shift value as compared with  = {2, 4} and 4 DM-RS symbols per slot.   

3	Conclusions
The document has derived the theoretical maximum Doppler shift based on the reference signal design structures of PUSCH and PT-RS. The following are our observations:

Observation 1: The Doppler shift per slot is proportional to the SCS irrespective of the PUSCH mapping type. SCS = 60 kHz gives the highest Doppler shift value which is 4 and 2 times that of SCS = 15 kHz and 30 kHz, respectively. 
Observation 2: The maximum Doppler shift achievable by PUSCH mapping type A and B is the same (e.g.,   = 2333 Hz for SCS = 15 kHz).
Observation 3: Both 3- and 4-DM-RS symbol densities per slot give the same maximum Doppler shift (e.g.,  = 2333 Hz for SCS = 15 kHz).  
Observation 4: Given the vehicular speed 500 km/h and operating frequency 3.6 GHz, the Doppler shift is within the theoretical limit of 3 DM-RS symbols or higher per slot for PUSCH using SCS = 30 kHz.
Observation 5: As expected,  = 1 gives the highest Doppler shift value as compared with  = {2, 4} and 4 DM-RS symbols per slot.
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