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1. Introduction

In RAN1 #85, it was agreed NR should support multiple numerologies, and take 15kHz subcarrier spacing and scaling factor 
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 as baseline working assumption [1]. In addition, CP design for different numerologies was discussed, and two options have been presented in [2]:
· Option 1: scalable CP, same CP overhead regardless of numerology
· Option 2: comparable CP, comparable CP lengths regardless of numerology

The numerical design is summarized in Table 1.
Table 1 Illustrative numerology sets of the two CP design options
	
	Option 1
	Option 2

	Subcarrier spacing
	15kHz
	30kHz
	60kHz
	15kHz
	30kHz
	60kHz

	Symbol duration(us)
	66.67
	33.33
	16.67
	66.67
	33.33
	16.67

	CP length(us)
(CP0/CP1)
	5.21/4.69
	2.60/2.34
	1.30/1.17
	5.21/4.69
	5.34/5.11
	4.17

	Num of OS in 1ms duration
	14
	28
	56
	14
	26
	48

	Overhead of CP
	6.67%
	6.67%
	6.67%
	6.67%
	13.3%
	20%


This contribution provides an in-depth discussion on numerology design in terms of both subcarrier spacing and CP length for high speed train scenario (500km/h). Preliminary simulations are also provided for discussion.
2. Numerology analysis for high speed train scenario
2.1 Doppler effect on subcarrier spacing
In OFDM system, Doppler shift could disrupt the orthogonality and cause severe inter-carrier interference (ICI), especially when the subcarrier spacing is not large enough. To mitigate the influence of the Doppler effect, a subcarrier spacing approximately 20 times of the maximum Doppler frequency is necessary [3]. In Table 2, the maximum Doppler shift and possible candidates of subcarrier spacing for different carrier frequency are given. It shows that a subcarrier spacing as 30kHz or 60kHz is needed to support 500km/h above 2GHz.
Table 2 Subcarrier spacing candidates for high speed train scenario
	Velocity = 500km/h

	Carrier frequency (GHz)
	Maximal dopper shift fd (kHz)
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 (kHz)
	Subcarrier spacing (kHz)

	0.9
	0.417
	8.34
	15

	2
	0.926
	18.52
	30

	2.6
	1.2
	24
	30

	3.5
	1.62
	32.4
	60

	4
	1.85
	37
	60

	4.6
	2.12
	42.4
	60

	6
	2.78
	55.6
	60


The signal-to-interference power ratio (SIR) as a function of Doppler shift and the subcarrier spacing can be calculated as
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 is the inter-subcarrier interference, 
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 denotes Doppler shift, 
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 denotes subcarrier spacing, and 
[image: image8.wmf]N

is the FFT size. The calculated SIR is shown in Figure 1. It can be seen that 15kHz subcarrier spacing cannot mitigate ICI any more for large Doppler shift, e.g., 1000Hz.
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Fig 1 Performance comparison of different subcarrier spacing for different Doppler shift
Based on above analysis, the following observations are proposed:

Observation 1: A subcarrier spacing as 30kHz or 60kHz is needed to support 500km/h above 2GHz.
Observation 2: A subcarrier spacing larger than 60kHz is needed if 500km/h is considered for mmWave.

2.2 Pros and cons of scalable and comparable CP
In Table 3, we discuss the pros and cons of scalable and comparable CP.
Table 3 Pros and cons of scalable and comparable CP
	
	Scalable CP
	Comparable CP

	Pros
	· Symbol aligned, less interference
· Relatively low CP overhead
	· Comparable coverage under different subcarrier spacing
· Uniform CP length for all symbols at 60kHz spacing

	Cons
	· Poor coverage perf. under larger subcarrier spacing

· Unsuitable for large delay spread
	· Symbol misaligned, increase interference when multiplexed
· High CP overhead


We can see that scalable CP with symbol alignment could provide a better support for mixed numerology multiplexing, and the system nearly has no performance loss as CP overhead keep unchanged. But noted that, the less CP length cannot handle a large delay spread very well (delay spread for reference is listed in Table 4), which could affect the system performance greatly. While comparable CP is capable to provide competent cell coverage for all numerologies. But the disadvantages are higher CP overhead and symbol misalignment.
Table 4 Scenario specific scaling factor [4]
	Proposed scaling factor

(
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 [ns])
	Indoor office
	UMi street-canyon
	UMa

	
	Short-dealy profile
	Normal-delay profile
	Long-delay profile
	Short-dealy profile
	Normal-delay profile
	Long-delay profile
	Short-dealy profile
	Normal-delay profile
	Long-delay profile

	Frequency

(GHz)
	2
	
	29
	50
	
	102
	281
	
	380
	1156

	
	6
	28.4
	44.1
	63.6
	42.8
	87.6
	306.8
	12.7
	364.1
	1149.4


2.3 Numerology candidates for high speed train scenario

Based on above analysis, four numerology candidates for high speed train scenario are presented for further evaluation:
· Alt1: 30kHz subcarrier spacing with scalable CP
· Alt2: 30kHz subcarrier spacing with comparable CP

· Alt3: 60kHz subcarrier spacing with scalable CP

· Alt4: 60kHz subcarrier spacing with comparable CP
Table 5 Numerologies of four candidates

	
	Alt 1
	Alt 2
	Alt 3
	Alt 4

	Subcarrier spacing
	30kHz
	30kHz
	60kHz
	60kHz

	Symbol length
	33.33 usec
	33.33 usec
	16.67 usec
	16.67 usec

	CP length
	2.60/2.34 usec
	5.34/5.11 usec
	1.30/1.17 usec
	4.17 usec

	Num of OS in 1ms
	28
	26
	56
	48


3. Evaluations on numerology candidates for high speed
In this section, the preliminary simulation results are presented with a maximum Doppler frequency of 1850 Hz, corresponding to the moving speed of 500 km/h at a 4-GHz carrier frequency. The BLER as a function of SNR under different MCS and multipath delay spread could be found in Figure 2, 3 and 4. Figure 2(a) and 2(b) indicate the BLER performance for 16QAM and 64QAM. TDL-A [100ns] model is used. It shows that for lower MCS, subcarrier spacing as 30kHz and 60kHz have similar performance, while for higher MCS, subcarrier spacing as 60kHz outperforms 30kHz greatly. We can also see that as the delay spread is small, scalable and comparable CP for both 30kHz and 60kHz achieve similar performance. In Figure 3 and Figure 4, TDL-C [300ns] model and TDL-C [1000ns] model are used. Both figures show that for lower MCS, similar BLER performance can be achieved for all candidates. While for higher MCS and large delay spread, comparable CP has obvious advantages compared with scalable CP. Figure 4(b) shows that 60kHz with scalable CP has the worst performance due to its short CP even though the subcarrier spacing is large.
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	(a) 16QAM, code rate=2/3
	(b) 64QAM, code rate=3/4


Fig 2 500km/h, TDL-A [100ns]
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	(a) 16QAM, code rate=2/3
	(b) 64QAM, code rate=3/4


Fig 3 500km/h, TDL-C [300ns]
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	(a) 16QAM, code rate=2/3
	(b) 64QAM, code rate=3/4


Fig 4 500km/h, TDL-C [1000ns]
Observation 3: For high MCS (64 QAM), 60 kHz is preferred, for either long or short delay spread. Additionally comparable CP is needed for long delay spread case (1000 ns). 
Observation 4: For lower MCS (16QAM), BLER performance is insensitive to CP length and the selection of 30/60 SCS.
Proposal 1: High Speed Train Scenario requires 60 kHz SCS with longer CP (CP length similar to 15 kHz SCS), if 64 QAM is to be supported with medium/long delay spread (300/1000 ns). Other cases (16 QAM or 64 QAM with small delay spread) can be satisfied by scalable CP.
4. Conclusions
In this contribution, we give an in-depth discussion on numerology design for high speed train scenario. The following observations and proposals are proposed:
Observation 1: A subcarrier spacing as 30kHz or 60kHz is needed to support 500km/h above 2GHz.

Observation 2: A subcarrier spacing larger than 60kHz is needed if 500km/h is considered for mmWave.

Observation 3: For high MCS (64 QAM), 60 kHz is preferred, for either long or short delay spread. Additionally comparable CP is needed for long delay spread case (1000 ns). 
Observation 4: For lower MCS (16QAM), BLER performance is insensitive to CP length and the selection of 30/60 SCS.
Proposal 1: High Speed Train Scenario requires 60 kHz SCS with longer CP (CP length similar to 15 kHz SCS), if 64 QAM is to be supported with medium/long delay spread (300/1000 ns). Other cases (16 QAM or 64 QAM with small delay spread) can be satisfied by scalable CP.
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Appendix: simulation assumptions
Table 6 Parameter settings for link level evaluation
	Parameters
	Settings

	Carrier frequency
	4GHz

	System bandwidth
	10MHz

	UE bandwidth
	4RB {720kHz, 1440kHz, 2880kHz}

	Transmission mode
	1T1R

	Channel model
	TDL-A [100ns], TDL-C [300ns, 1000ns]

	MCS
	{16QAM: 2/3} {64QAM: 3/4}

	Channel estimation
	Ideal
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