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Introduction
[bookmark: _Ref178064866]In this contribution, we present additional evaluation results related with the design of the Phase Tracking Reference Signal (PTRS) when using DFT-S-OFDM waveform.
Discussion
Default thresholds of PTRS association table for DFT-S-OFDM
In TS38.214, it is specified that the PTRS pattern is tied with the following association table. 
Table 6.2.3-3: PT-RS pattern as a function of scheduled bandwidth
	Scheduled bandwidth
	Number of PT-RS groups
	Number of samples 
per PT-RS group

	
NRB0 NRB < NRB1
	2
	2

	
NRB1  NRB < NRB2
	2
	4

	
NRB2  NRB < NRB3
	4
	2

	
NRB3  NRB < NRB4
	4
	4

	
NRB4  NRB
	8
	4


 
[bookmark: _Toc498337418]RAN1 agreed to set default values for the thresholds in the association table, which can be later overridden by RRC signaling. Even though the thresholds can be modified by RRC, we think it is important to take a conservative approach in the design, so that the default table offers performance benefits without any RRC signaling for the most usual cases (radios with the current state of the art oscillators for mmWave frequencies). Therefore, to obtain a good design for the default table we must use for the evaluations a phase noise model verified with empirical measurements of state of the art oscillators for mmWave frequencies. So far, the only phase noise model presented in RAN1 that fulfils this requirement is the one presented in [2]. So, this phase noise has been used in the evaluations. In Figure 1 to Figure 6 we show the evaluation results for 4, 8, 16, 32, 64, and 110 PRBs scheduled BW with the different PTRS configurations as shown in the association table. Also, two different MCS have been used (16QAM with coderate ½ and 64QAM with coderate 2/3). 
[bookmark: _Toc503518699]The default thresholds NRB0=0, NRB1=8, NRB2=NRB3=32, and NRB4=108 offer good performance for a very large range of scheduled BWs. 
	[image: ]
a) 16QAM (1/2)
	[image: ]
b) 64QAM (2/3)


[bookmark: _Ref498358173]Figure 1. Evaluation results for the PTRS configurations in the association table with 4 PRBs.
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a) 16QAM (1/2)
	[image: ]
b) 64QAM (2/3)


Figure 2. Evaluation results for the PTRS configurations in the association table with 8 PRBs
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a) 16QAM (1/2)
	[image: ]
b) 64QAM (2/3)


Figure 3. Evaluation results for the PTRS configurations in the association table with 16 PRBs
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a) 16QAM (1/2)
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b) 64QAM (2/3)


Figure 4. Evaluation results for the PTRS configurations in the association table with 32 PRBs
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a) 16QAM (1/2)
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b) 64QAM (2/3)


Figure 5. Evaluation results for the PTRS configurations in the association table with 64 PRBs
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a) 16QAM (1/2)
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b) 64QAM (2/3)


[bookmark: _Ref498358176]Figure 6. Evaluation results for the PTRS configurations in the association table with 110 PRBs
Placement of chunks when the number of samples per chunk is 4
For the placement of PTRS chunks, in TS38.211, the following PTRS resource mapping is defined. 
[bookmark: _Hlk498342295]Table 6.4.1.2.2.2-1: PT-RS symbol mapping.
	
[bookmark: _Hlk500849359]Number of 
PT-RS groups

	
Number of samples per PT-RS group

	

Index  of PT-RS samples in OFDM symbol  prior to transform precoding

	2
	2
	

 where 

	2
	4
	

 where 

	4
	2
	


  where 

	4
	4
	

 where


	8
	4
	

 where




There mainly exist two different principle of placement in each PTRS groups:
· Centre placement: when the number of samples in each PTRS group is 2, the PTRS samples are placed around the center for each interval,
· Head-center-tail placement: When the number of samples in each PTRS group is 4, the PTRS samples are placed in the head of the 1st interval, the tail of the last interval, and around the center of the otherwise intervals.


As we discussed in [1], it is foreseen that the head-center-tail placement is sensitive to the timing error such that the PTRS samples in the head of the first intervals could be polluted. Of course, there exist amendments to this issue by shifting the placement of the PTRS samples from the head by a proportion of CP length. However, we argue that this only induces unnecessary complication to the standard, because the head-center-tail placement has invisible gain compared to the uniformly center placement. Shown in Figure 7and Figure 8, we compare these two different placement methods when the number of PTRS groups () is 4, and the number of samples per group () is 4. Suggested revision for the Table 6.4.1.2.2.2-1 has been put in the company paper [1]. 
[bookmark: _Toc503518700]Placing PTRS samples in the center of each interval provides nearly identical performance as the placement method in Table 6.4.1.2.2.2-1, when the number of samples per group is 4.
[bookmark: _Toc503518701]Placing PTRS samples by the head-center-tail placement not necessarily brings better performance compared to the center placement, in particular, when the scheduled BW is large (e.g., 64PRBs).  
[image: ]
[image: ]
[bookmark: _Ref503445408]Figure 7 Throughput and BLER comparison of different placements when K=4, X=4, for 8 PRBs
[image: ]
[image: ]
[bookmark: _Ref503445411]Figure 8 Throughput and BLER comparison of different placements when K=4, X=4, for 32 PRBs
[image: ]
[image: ]
Figure 9 Throughput and BLER comparison of different placements when K=4, X=4, for 64 PRBs
Conclusions
We make the following additional observations: 
Observation 1	The default thresholds NRB0=0, NRB1=8, NRB2=NRB3=32, and NRB4=108 offer good performance for a very large range of scheduled BWs.
Observation 2	Placing PTRS samples in the center of each interval provides similar performance as the placement method in Table 6.4.1.2.2.2-1, when the number of samples per group is 4.
Observation 3	Placing PTRS samples by the head-center-tail placement not necessarily brings better performance compared to the center placement, in particular, when the scheduled BW is large (e.g., 64PRBs).
[bookmark: _GoBack]
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Appendix

	Parameter
	Value

	Channel Model
	TR38900_5G_CDL_B/ CDL_A

	Phase noise model
	As proposed in [1], applied on both BS and UE

	Carrier frequency
	30 GHz

	Subcarrier spacing
	60 kHz

	Tx Scheme
	1x2 antenna panel

	Rx Scheme
	2x2 antenna panel or 1x2 antenna panel

	UE speed
	3km/h

	Delay spread
	100 ns

	Transmission Slot Length
	14 symbols

	Link Adaptation
	Disabled

	Channel estimation
	Practical LMMSE channel estimation using front loaded RS pattern

	Phase estimation
	Practical phase estimation

	DMRS Pattern
	1-port Type-1


[bookmark: _Ref477940397]Table 1. Simulation assumptions 
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