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Introduction
In the RAN4#92 meeting, the foundations towards Rel-16 HST BS demodulation performance requirements were discussed and the next steps were captured in WF [1].
[bookmark: _GoBack]The WF captures many options on nearly all aspects of test case configurations. Main clusters of parameterization options are found around, maximum doppler shift, channel modelling, waveform (including CBW, SCS, MCS, etc.), as well as reference signal configurations, TDRA, and test metrics.
Several previously unrecognized issues (e.g., fading channel model with high FO) were presented as well.
In this contribution, we will narrow down the plethora of proposed test configurations, by analysing the simulation results captured in our simulation companion contribution [2], as well as discuss the fundamental issues raised.


PUSCH BS demodulation discussion

PUSCH Maximum Doppler Shift 350kph
A significant part of the WF [1] was devoted to capturing the options for the maximum Doppler shift for single tap HST channel models:
	· [bookmark: _Hlk20687119][bookmark: _Hlk20816381]Maximum Doppler shift
· Single tap HST 350km/h
· 15kHz SCS: 1340Hz
· 30kHz SCS: 2334Hz
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Following our evaluations in [2], we conclude that the maximum Doppler shift for single tap tunnel HST 2.1GHz/350kph of 1340Hz for 15kHz SCS and 10MHz BW is feasible:
Table 1: Maximum Doppler shift for single tap tunnel HST 2.1GHz/350kph 15kHz SCS, 10MHz BW, CP-OFDM.
	ID
	Propagation condition
	BW/SCS
	DM-RS
	PT-RS
	MCS
	SNR@30% TPUT
	SNR@70% TPUT

	2001
	Single Tap-Scen3-1340Hz
	10MHz/15kHz
	1+1+1 l0=2
	OFF
	2
	-9,52
	-5,93

	2002
	Single Tap-Scen3-1340Hz
	10MHz/15kHz
	1+1+1 l0=2
	OFF
	16
	-0,72
	5,75

	2003
	Single Tap-Scen3-1340Hz
	10MHz/15kHz
	1+1, l0=2
	K=2 L=1
	2
	-8,68
	-5,45

	2004
	Single Tap-Scen3-1340Hz
	10MHz/15kHz
	1+1, l0=2
	K=2 L=1
	16
	-0,37
	6,68



Furthermore, the maximum Doppler shift for single tap tunnel HST 2.1GHz/350kph of 2334Hz for 30kHz SCS and both 10MHz and 40MHz BW, is feasible:
Table 2: Maximum Doppler shift for single tap tunnel HST 2.1GHz/350kph 30kHz SCS, 10MHz BW, CP-OFDM.
	ID
	Propagation condition
	BW/SCS
	DM-RS
	PT-RS
	MCS
	SNR@30% TPUT
	SNR@70% TPUT

	2009
	Single Tap-Scen3-2334Hz
	10MHz/30kHz
	1+1+1, l0=2
	OFF
	2
	-9,40
	-5,91

	2010
	Single Tap-Scen3-2334Hz
	10MHz/30kHz
	1+1+1, l0=2
	OFF
	16
	-0,79
	5,72

	2011
	Single Tap-Scen3-2334Hz
	10MHz/30kHz
	1+1, l0=2
	K=2 L=1
	2
	-7,85
	-5,01

	2012
	Single Tap-Scen3-2334Hz
	10MHz/30kHz
	1+1, l0=2
	K=2 L=1
	16
	-0,19
	6,71



Table 3: Maximum Doppler shift for single tap tunnel HST 2.1GHz/350kph 30kHz SCS, 40MHz BW, CP-OFDM.
	ID
	Propagation condition
	BW/SCS
	DM-RS
	PT-RS
	MCS
	SNR@30% TPUT
	SNR@70% TPUT

	2019
	Single Tap-Scen3-2334Hz
	40MHz/30kHz
	1+1+1, l0=2
	OFF
	2
	-9,57
	-5,85

	2020
	Single Tap-Scen3-2334Hz
	40MHz/30kHz
	1+1+1, l0=2
	OFF
	16
	-0,67
	5,75



The same holds true for the maximum Doppler shift for single tap open space HST 2.1GHz/350kph; at least for option 1 of this channel model:
Table 4: Maximum Doppler shift for single tap open space HST 2.1GHz/350kph, CP-OFDM
	ID
	Propagation condition
	BW/SCS
	DM-RS
	PT-RS
	MCS
	SNR@30% TPUT
	SNR@70% TPUT

	2005
	Single Tap-Scen1-1340Hz-option1
	10MHz/15kHz
	1+1+1, l0=2
	OFF
	2
	-9,58
	-5,97

	2006
	Single Tap-Scen1-1340Hz-option1
	10MHz/15kHz
	1+1+1, l0=2
	OFF
	16
	-0,76
	5,74

	2007
	Single Tap-Scen1-1340Hz-option1
	10MHz/15kHz
	1+1, l0=2
	K=2 L=1
	2
	-8,68
	-5,47

	2008
	Single Tap-Scen1-1340Hz-option1
	10MHz/15kHz
	1+1, l0=2
	K=2 L=1
	16
	-0,43
	6,62

	2013
	Single Tap-Scen1-2334Hz-option1
	10MHz/30kHz
	1+1+1, l0=2
	OFF
	2
	-9,48
	-5,94

	2014
	Single Tap-Scen1-2334Hz-option1
	10MHz/30kHz
	1+1+1, l0=2
	OFF
	16
	-0,87
	5,71

	2015
	Single Tap-Scen1-2334Hz-option1
	10MHz/30kHz
	1+1, l0=2
	K=2 L=1
	2
	-7,86
	-5,02

	2016
	Single Tap-Scen1-2334Hz-option1
	10MHz/30kHz
	1+1, l0=2
	K=2 L=1
	16
	-0,20
	6,70



Furthermore, we ran one test with DFT-s-OFDM. Here the maximum Doppler shift for single tap tunnel HST 2.1GHz/350kph of 1340Hz for 15kHz SCS and 10MHz, is feasible:
Table 2: Maximum Doppler shift for single tap tunnel HST 2.1GHz/350kph 30kHz SCS, 10MHz BW, DFT-s-OFDM.
	ID
	Propagation conditions
	BW/SCS
	DM-RS
	PT-RS
	MCS
	SNR@30% TPUT
	SNR@70% TPUT

	2017
	Single Tap-Scen3-1340Hz
	10MHz/15kHz
	1+1+1 l0=2
	OFF
	2
	-9,90
	-6,33

	2018
	Single Tap-Scen3-1340Hz
	10MHz/15kHz
	1+1+1 l0=2
	OFF
	16
	-0,88
	5,79


These numbers are better than the corresponding CP-OFDM test cases (see 2001 and 2002 in Table 1), so we conjecture that all maximum Doppler shifts feasible in CP-OFDM, are also feasible in DFT-s-OFDM.

All the above can be summarized in the following observation:
The following combinations of configurations, maximum Doppler shifts, and single tap HST channel models are feasible for 2.1GHz/350kph: 
· [bookmark: _Hlk20688698]Single tap HST tunnel, 15kHz SCS, 10MHz -> 1340 Hz
· Single tap HST tunnel, 30kHz SCS, 10MHz -> 2334 Hz
· Single tap HST tunnel, 30kHz SCS, 40MHz -> 2334 Hz
· Single tap HST open space-option 1, 15kHz SCS, 10MHz -> 1340 Hz
· Single tap HST open space-option 1, 30kHz SCS, 10MHz -> 2334 Hz
Thus, leading to the following proposal
RAN4 to consider specifying PUSCH performance requirements requirement for the following combinations of configuration, maximum Doppler shifts, and single tap HST channel models in the scenario of 2.1GHz/350kph:
· Single tap HST tunnel, 15kHz SCS, 10MHz, maximum Doppler 1340 Hz
· Single tap HST tunnel, 30kHz SCS, 10MHz, maximum Doppler 2334 Hz
· Single tap HST open space-option 1, 15kHz SCS, 10MHz, maximum Doppler 1340 Hz
· Single tap HST open space-option 1, 30kHz SCS, 10MHz, maximum Doppler 2334 Hz


PUSCH Maximum Doppler Shift 500kph
Even more time was dedicated in the discussion of the WF [1] to capturing the options for the maximum Doppler shift for single tap HST channel models in 500kph:
	· Maximum Doppler shift
· Single tap HST 500km/h 
· 15kHz SCS: 
· Option 1: 1944Hz
· Option 2: 1500Hz
· Option 3: 1400Hz
· Option 4: 1250Hz
· 30kHz SCS:  
· Option 1: 3334Hz
· Option 2: 2600Hz
· Option 3: 3000Hz
· Option 4: 2300Hz

[image: ]




[bookmark: _Hlk20689463]Following our evaluations in [2], we conclude that the maximum Doppler shifts representing the true speed of 500kph at 3.6GHz, are mostly not feasible for the single tap tunnel HST channel model:
Table 5: Maximum Doppler shift for single tap tunnel HST 3.6GHz/500kph.
	ID
	Propagation cond
	BW/SCS
	DM-RS
	PT-RS
	MCS
	SNR@30% TPUT
	SNR@70% TPUT

	2023
	Single Tap-Scen3-3334Hz
	10MHz/15kHz
	1+1+1, l0=2
	OFF
	2
	NaN
	NaN

	2024
	Single Tap-Scen3-3334Hz
	10MHz/15kHz
	1+1+1, l0=2
	OFF
	16
	NaN
	NaN

	2025
	Single Tap-Scen3-3334Hz
	10MHz/15kHz
	1+1, l0=2
	K=2 L=1
	2
	-8,57
	-5,28

	2026
	Single Tap-Scen3-3334Hz
	10MHz/15kHz
	1+1, l0=2
	K=2 L=1
	16
	-0,16
	7,91

	2027
	Single Tap-Scen3-1944Hz
	10MHz/15kHz
	1+1+1, l0=2
	OFF
	2
	NaN
	NaN

	2028
	Single Tap-Scen3-1944Hz
	10MHz/15kHz
	1+1+1, l0=2
	OFF
	16
	NaN
	NaN

	2029
	Single Tap-Scen3-1944Hz
	10MHz/15kHz
	1+1, l0=2
	K=2 L=1
	2
	-8,65
	-5,39

	2030
	Single Tap-Scen3-1944Hz
	10MHz/15kHz
	1+1, l0=2
	K=2 L=1
	16
	-0,23
	6,79

	2033
	Single Tap-Scen3-3334Hz
	10MHz/15kHz
	2+1, l0=2
	OFF
	2
	NaN
	NaN

	2034
	Single Tap-Scen3-3334Hz
	10MHz/15kHz
	2+1, l0=2
	OFF
	16
	NaN
	NaN



The maximum Doppler shifts corresponding to a true speed of 500kph at 3.6GHz (3334Hz) and also the fallback value of 1944Hz for 15kHz SCS are infeasible for DM-RS 1+1+1 and DM-RS 2+1 (two symbol DM-RS with one additional position of the two-symbol block).
We don’t think that it is a practicable idea to reduce the maximum Doppler shift for performance testing below the values that will be experienced in the practical deployment. Hence, we propose to continue the studies to find more adequate system configurations.
RAN4 to find a system configuration that support 3334Hz for 30kHz and 1944Hz for 15kHz SCS for the single tap tunnel HST channel model.


PUSCH DM-RS Position
In [1] the PUSCH type A DM-RS position (“l0”) has been discussed with two option: l0=2 and l0=3.
Our simulation results on this parameter are as follows:
Table 6: DM-RS position, 2.1GHz/350kph, CP-OFDM, 1T2R, Type A TDRA.
	ID
	Propagation condition
	BW/SCS
	DM-RS
	PT-RS
	MCS
	SNR@30% TPUT
	SNR@70% TPUT

	2001
	Single Tap-Scen3-1340Hz
	10MHz/15kHz
	1+1+1 l0=2
	OFF
	2
	-9,52
	-5,93

	2002
	Single Tap-Scen3-1340Hz
	10MHz/15kHz
	1+1+1 l0=2
	OFF
	16
	-0,72
	5,75

	2021
	Single Tap-Scen3-1340Hz
	10MHz/15kHz
	1+1+1 l0=3
	OFF
	2
	-9,55
	-5,94

	2022
	Single Tap-Scen3-1340Hz
	10MHz/15kHz
	1+1+1 l0=3
	OFF
	16
	-0,72
	5,75



The performance difference between PUSCH DM-RS position l0=2 and l0=3 is negligible (<0.03dB).
RAN4 to only consider DM-RS with l0=2.


Fading Channel Model with Doppler Spread and Shift
During the discussions at RAN4#92 the question arose, if it makes sense in PUSCH to model both Doppler Shift and Doppler spread in the same channel model.
We have tested this by combining the TDL-C fading model with a delay spread of 300ns and a Doppler spread of 100Hz, with a FO of 2334Hz. Here the FO models the average Doppler spread observed at 2.1GHz/350kph, with a small Doppler spread of 100Hz around this average, as can be expected in a tunnel scenario.
Table 7: PUSCH, 2.1GHz/350kph, CP-OFDM, 1T2R, Type A TDRA, Fading Channel Model with Doppler Spread and Shift
	ID
	Propagation cond
	BW/SCS
	DM-RS
	PT-RS
	MCS
	SNR@30% TPUT
	SNR@70% TPUT

	2031
	TDLC-<DelSp>300-<DopSp>100 <FO>2334Hz
	10MHz/30kHz
	1+1+1 l0=2
	OFF
	2
	-8,87
	-5,02

	2032
	TDLC-<DelSp>300-<DopSp>100 <FO>2334Hz
	10MHz/30kHz
	1+1+1, l0=2
	OFF
	16
	0,42
	7,48



It is possible and reasonable to combine a fading channel model with Doppler spread and Doppler shift.
However, in order to not delay the introduction of HST performance requirements, we will abstain from proposing such test cases and stay close to the test cases specified in LTE.
Note: LTE has combined with fading models with FO. However, the FO was added just to model the maximum oscillator error (i.e., 0.1%ppm of 2.1GHz = 210 Hz) and not the Doppler shift caused by UE velocity.


PT-RS ON vs. DM-RS 1+1+1 vs. DM-RS 2+1
Three different references signal configuration were proposed to enable FOE at HST velocities:
a) DM-RS 1+1+1
b) DM-RS 1+1 with PT-RS on
c) DM-RS 2+1
We have compared the three methods in [2], with an emphasis on (a) vs. (b).

In the 2.1GHz/350kph test cases, one generally observes results similar to the following example:
Table 8: (Copy of Table1) Maximum Doppler shift for single tap tunnel HST 2.1GHz/350kph 15kHz SCS, 10MHz BW.
	ID
	Propagation condition
	BW/SCS
	DM-RS
	PT-RS
	MCS
	SNR@30% TPUT
	SNR@70% TPUT

	2001
	Single Tap-Scen3-1340Hz
	10MHz/15kHz
	1+1+1 l0=2
	OFF
	2
	-9,52
	-5,93

	2002
	Single Tap-Scen3-1340Hz
	10MHz/15kHz
	1+1+1 l0=2
	OFF
	16
	-0,72
	5,75

	2003
	Single Tap-Scen3-1340Hz
	10MHz/15kHz
	1+1, l0=2
	K=2 L=1
	2
	-8,68
	-5,45

	2004
	Single Tap-Scen3-1340Hz
	10MHz/15kHz
	1+1, l0=2
	K=2 L=1
	16
	-0,37
	6,68



On first glance, one would think that DM-RS 1+1+1 exhibits better performance than PT-RS ON. However, the performance metric chosen here is a relative one. Considering that PT-RS on has a higher absolute TPUT:
For example, Table 8: 14 symbols, 52 RBs
	(a) (14-3) x 52x12 = 6864 REs
	(b) (14-2) x 52x12 - (14-2)/Lx52/Kx1 = 7176 REs
	Thus approximately 5% higher absolute TPUT.
Hence the comparison would need to be done at a fixed absolute TPUT value (e.g., 70% abs TPUT of DM-RS 1+1+1).
However, a slight performance gap still remains even after compensation.
Comparing DM-RS 1+1+1 with DM-RS 1+1/PT-RS in 2.1GHz/350kph test cases, both are feasible, with DM-RS having a slight absolute TPUT advantage at non-TPUT saturated SINR levels.


In the 3.6GHz/500kph test cases, one observes quite different results:
Table 9: (Copy of Table 3) Maximum Doppler shift for single tap tunnel HST 3.6GHz/500kph.
	ID
	Propagation cond
	BW/SCS
	DM-RS
	PT-RS
	MCS
	SNR@30% TPUT
	SNR@70% TPUT

	2023
	[bookmark: _Hlk20737112]Single Tap-Scen3-3334Hz
	10MHz/15kHz
	1+1+1, l0=2
	OFF
	2
	NaN
	NaN

	2024
	Single Tap-Scen3-3334Hz
	10MHz/15kHz
	1+1+1, l0=2
	OFF
	16
	NaN
	NaN

	2025
	Single Tap-Scen3-3334Hz
	10MHz/15kHz
	1+1, l0=2
	K=2 L=1
	2
	-8,57
	-5,28

	2026
	Single Tap-Scen3-3334Hz
	10MHz/15kHz
	1+1, l0=2
	K=2 L=1
	16
	-0,16
	7,91

	2027
	Single Tap-Scen3-1944Hz
	10MHz/15kHz
	1+1+1, l0=2
	OFF
	2
	NaN
	NaN

	2028
	Single Tap-Scen3-1944Hz
	10MHz/15kHz
	1+1+1, l0=2
	OFF
	16
	NaN
	NaN

	2029
	Single Tap-Scen3-1944Hz
	10MHz/15kHz
	1+1, l0=2
	K=2 L=1
	2
	-8,65
	-5,39

	2030
	Single Tap-Scen3-1944Hz
	10MHz/15kHz
	1+1, l0=2
	K=2 L=1
	16
	-0,23
	6,79

	2033
	Single Tap-Scen3-3334Hz
	10MHz/15kHz
	2+1, l0=2
	OFF
	2
	NaN
	NaN

	2034
	Single Tap-Scen3-3334Hz
	10MHz/15kHz
	2+1, l0=2
	OFF
	16
	NaN
	NaN



From Table 3 we directly observe that the max FO is out of single shot FOE range for most configuration:
In 3.6GHz/500kph tunnel HST test cases using SCS 15 kHz, neither DM-RS 1+1+1 nor DM-RS 2+1 are reliably decodable at Doppler shifts corresponding to the UE velocity (3334Hz) and the fallback value proposed for 15k kHz (1944Hz). 
The configuration of DM-RS 1+1 with PT-RS on is feasible.
Following this observation, new reference signal configurations are necessary to be considered for 500kph. For example, PT-RS ON and DM-RS 1+1+1+1. Unfortunately, both of these configurations are not mandatory UE capabilities, as is seen in TS 38.306:
	 
	Definitions for parameters
	Per
	M
	FDD-TDD
DIFF
	FR1-FR2
DIFF

	[…]
	
	
	
	

	oneFL-DMRS-ThreeAdditionalDMRS-UL
Defines whether the UE supports DM-RS pattern for UL transmission with 1 symbol front-loaded DM-RS with three additional DM-RS symbols.
	UE
	No
	No
	Yes

	oneFL-DMRS-TwoAdditionalDMRS-UL
Defines support of DM-RS pattern for UL transmission with 1 symbol front-loaded DM-RS with 2 additional DM-RS symbols and more than 1 antenna ports.
	UE
	Yes
	No
	Yes

	[…]
	
	
	
	

	onePortsPTRS
Defines whether UE supports PT-RS with 1 antenna port in DL reception and/or UL transmission. It is mandatory with UE capability signalling for FR2 and optional for FR1. The left most in the bitmap corresponds to DL reception and the right most bit in the bitmap corresponds to UL transmission.
	UE
	CY
	No
	Yes


 



The reference signal configurations PT-RS ON and DM-RS 1+1+1+1 are optional UE capabilities in FR1.

In summary, this leads to our proposal:
RAN4 to discuss the configuration DM-RS 1+1 with PT-RS to support 3334Hz for 30kHz and 1944Hz for 15kHz SCS for the single tap tunnel HST channel model at 3.6GHz/500kph.



Conclusion
In this contribution we have provided our views on the Rel-16 PUSCH HST BS demodulation requirement issues of maximum Doppler shift at 350kph/500kph, DM-RS positioning, channel modelling and comparison of reference signal performance. We have made the following proposals and observations:
PUSCH Maximum Doppler Shift 350kph
1. The following combinations of configurations, maximum Doppler shifts, and single tap HST channel models are feasible for 2.1GHz/350kph: 
· Single tap HST tunnel, 15kHz SCS, 10MHz -> 1340 Hz
· Single tap HST tunnel, 30kHz SCS, 10MHz -> 2334 Hz
· Single tap HST tunnel, 30kHz SCS, 40MHz -> 2334 Hz
· Single tap HST open space-option 1, 15kHz SCS, 10MHz -> 1340 Hz
· Single tap HST open space-option 1, 30kHz SCS, 10MHz -> 2334 Hz
1. RAN4 to consider specifying PUSCH performance requirements requirement for the following combinations of configuration, maximum Doppler shifts, and single tap HST channel models in the scenario of 2.1GHz/350kph:
· Single tap HST tunnel, 15kHz SCS, 10MHz, maximum Doppler 1340 Hz
· Single tap HST tunnel, 30kHz SCS, 10MHz, maximum Doppler 2334 Hz
· Single tap HST open space-option 1, 15kHz SCS, 10MHz, maximum Doppler 1340 Hz
· Single tap HST open space-option 1, 30kHz SCS, 10MHz, maximum Doppler 2334 Hz
PUSCH Maximum Doppler Shift 500kph
The maximum Doppler shifts corresponding to a true speed of 500kph at 3.6GHz (3334Hz) and also the fallback value of 1944Hz for 15kHz SCS are infeasible for DM-RS 1+1+1 and DM-RS 2+1 (two symbol DM-RS with one additional position of the two-symbol block).
RAN4 to find a system configuration that support 3334Hz for 30kHz and 1944Hz for 15kHz SCS for the single tap tunnel HST channel model.
PUSCH DM-RS Position
The performance difference between PUSCH DM-RS position l0=2 and l0=3 is negligible (<0.03dB).
RAN4 to only consider DM-RS with l0=2.
Fading Channel Model with Doppler Spread and Shift
It is possible and reasonable to combine a fading channel model with Doppler spread and Doppler shift.
PT-RS ON vs. DM-RS 1+1+1 vs. DM-RS 2+1
Comparing DM-RS 1+1+1 with DM-RS 1+1/PT-RS in 2.1GHz/350kph test cases, both are feasible, with DM-RS having a slight absolute TPUT advantage at non-TPUT saturated SINR levels.
In 3.6GHz/500kph tunnel HST test cases using SCS 15 kHz, neither DM-RS 1+1+1 nor DM-RS 2+1 are reliably decodable at Doppler shifts corresponding to the UE velocity (3334Hz) and the fallback value proposed for 15k kHz (1944Hz). 
The configuration of DM-RS 1+1 with PT-RS on is feasible.
The reference signal configurations PT-RS ON and DM-RS 1+1+1+1 are optional UE capabilities in FR1.
RAN4 to discuss the configuration DM-RS 1+1 with PT-RS to support 3334Hz for 30kHz and 1944Hz for 15kHz SCS for the single tap tunnel HST channel model at 3.6GHz/500kph.
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