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1 Introduction

In the previous meeting (RAN1#85), working assumption on numerology is achieved as follows [1]
Working assumptions:
· RAN1 concludes on alternative 1 (15 kHz) as the baseline design assumption for the NR numerology
· RAN1 concludes on scale factors N =2n for subcarrier spacing as the baseline design assumption for the NR numerology

In this paper, scaling factor for subcarrier spacing is considered. Comparison among several factors for subcarrier spacing, and evaluation based on link level simulation will be provided. After that, proper scaling factor N is proposed.
2 Evaluation on different scaling factors
As elaborated in contribution [2] that several factors are taken into account to design the subcarrier spacing including delay spread, Doppler effect and CP overhead. 

For high frequency, as the carrier frequency climbs up, phase noise due to the instability of local oscillators and multipliers are increased. Phase noise cause common phase error and inter-carrier interference. With similar modulation formats used in different high frequency bands and different fading channels, the numerology design must take phase noise into consideration. Suggested modelling of phase noise can be found in [3]. 
In the following sub sections scaling factors evaluation and comparison are provided based on the impact of three aspects, i.e. Doppler spread, phase noise and channel delay spread. The simulation assumptions can be found in Appendix A.
2.1 Numerology candidates

Numerology options in Table 1 are used to evaluate the impacts of Doppler spread, delay spread and phase noise.
Table 1 Numerology options for evaluations
	Option Index
	1
	2
	3
	4
	5
	6

	Subcarrier spacing (kHz)
	60
	75
	120
	240
	480
	960

	OFDM symbol duration (usec)
	16.67
	13.33
	8.33
	4.17 
	2.08 
	1.04

	CP length (usec)
	(1.3, 1.17)
	(1.04,0.94)
	(0.65,0.59)
	(0.326, 0.29) 
	(0.163, 0.15) 
	(0.08, 0.075) 


2.2 Impact of Doppler

In this section, the impact of Doppler spread is evaluated with the subcarrier spacing of 60kHz, 75kHz, 120kHz, 240kHz and 480kHz. Carrier frequency of 2GHz, 30GHz and ideal channel estimation are assumed. 
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Figure 1 BLER performance with different Doppler spread
Figure 1 gives the simulation results with different moving speed and the following can be observed:

For evaluated scenarios, 60kHz and 75kHz subcarrier spacing have almost the same performance in low Doppler spread scenarios, and 120kHz has better performance than 75kHz and 60kHz in high Doppler spread scenarios.
Observation 1: 60kHz and 75kHz subcarrier spacing have almost the same performance in low Doppler spread scenarios, and 120kHz has better performance than 75kHz and 60kHz in high Doppler spread scenarios.
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Figure 2 BLER performance with high Doppler shift
In 500km/h high moving speed scenario in case of both 60kHz and 120kHz subcarrier spacing the data cannot be rightly decoded at all  without Doppler compensation, but in case of 240kHz and 480kHz data can be rightly decoded even without Doppler compensation. This is because for CDL-D 500km/h scenario a strong finger brings very large Doppler shift, and if the subcarrier spacing is larger, the anti Doppler shift performance is better.
However, if Doppler compensation is applied in the same scenario for all subcarrier spacing evaluated the data can be rightly decoded. 
Observation 2: For CDL-D 500km/h scenario, after Doppler compensation all subcarrier spacing evaluated can have comparable performance.
2.3 Impact of delay spread

In this section, impact of delay spread on 60kHz, 75kHz and 120kHz is investigated. 3km/h UE speed for 2GHz and 30GHz are assumed. 
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(a) TDL-C with DS 300ns and 1000ns @2GHz
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(b) CDL-C with DS 300ns and 1000ns @30GHz
Figure 3 BLER performance with different delay spread
Figure 3 gives the simulation results of different delay spread. From the results shown in figure 3(a) we can see for DS 300ns scenarios without beamforming at 2 GHz, 60 kHz outperforms 75 kHz and 120 kHz. Actually in DS 300ns scenario the max delay spread exceeds the CPs of all subcarrier spacings evaluated. However, 75 kHz and 120 kHz undergo more ISI that 60 kHz due to shorter CP. That is the reason 60 kHz outperforms 75 kHz and 120 kHz. However, for DS 1000ns the channel delay spread exceed the CPs of all subcarrier spacings evaluated, subsequently all of these subcarrier spacings cannot work at all.
From the results shown in Figure3(b) we can see that for DS 300 ns at 30 GHz high frequency, CP of 60 kHz and 75 kHz subcarrier spacing can cover the channel delay spread after beamforming and no ISI exists, so they have the same performance results. But from the results for DS 1000 ns we can see 60 kHz has better performance than 120 kHz since CP of 120 kHz subcarrier spacing cannot cover the channel delay spread even after beamforming thus causing ISI.
Observation 3: For delay spread of 300 ns and 1000 ns, 60 kHz subcarrier spacing outperforms both 75 kHz and 120 kHz.
2.4 Impact of phase noise
In this section impact of phase noise on several subcarrier spacings for certain carrier frequencies are investigated. Phase noise influence on system has been analyzed in details in [2]. Suggested modelling of phase noise can be found in [3]. Using the PSD of phase noise proposed, the achievable SIR for 30 GHz is also given in [3]. Since phase noise will deteriorate performance only in high frequency, here performances of high frequency 30 GHz, 40 GHz and 70 GHz are evaluated. We also provide the phase noise level for evaluation in Appendix A Figure 7.
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Figure 4 BLER performance with different phase noise level at 30GHz
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Figure 5 BLER performance with different phase noise level at 40GHz
From the simulation at 30 GHz and 40 GHz we can see that for the scenarios evaluated and under different phase noise levels (PN#1 and PN#2), 60 kHz, 75 kHz and 120 kHz almost have the same performance.
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Figure 6 BLER performance with different phase noise level at 70GHz
From the simulation at 70 GHz we can see that for the scenarios evaluated and under different phase noise level, 1920 kHz subcarrier spacing has better performance than 480 kHz and 960 kHz since if the carrier is higher the phase noise level is worse and larger subcarrier spacing reduces ICI introduced by phase noise.
Observation 4: Depending on the phase noise level and the beamforming strategy under consideration, 60 kHz works well under 40 GHz, and larger subcarrier spacing is needed to combat phase noise for 70 GHz.
3 100 MHz bandwidth support
As stated in contribution R1-165734 [4], it is said that there have been strong requests from some operators on NR to support different/diverse component carrier BW including 100 MHz for eMBB, and it is important that subcarrier spacing support sufficient scalability/granularity. From Table 2 below we can see 60 kHz can have the same guardband ratio (overhead) with 75 kHz to support 100 MHz which means that 60 kHz subcarrier spacing can support sufficient scalability/granularity as well as 75 kHz.
Table 2 Numerology options for evaluations
	Subcarrier spacing 
	60 kHz
	60 kHz
	75 kHz
	75 kHz

	Component carrier bandwidth (MHz) 
	80 
	100 
	80 
	100 

	Total subcarrier bandwidth (MHz) 
	72 (1200sc) 
	90 (1500sc) 
	72 (960sc) 
	90 (1200sc) 

	Guardband Ratio 
	10% 
	10% 
	10% 
	10% 

	CP overhead 
	6.57% 
	6.57% 
	6.57% 
	6.57% 

	FFT Size 
	2048 
	2048 
	2048 
	2048 


It is also possible to generate wideband signal by concatenating signals of smaller bandwidth (potentially with different numerologies) generated by smaller FFT with very small guard overhead (e.g. using f-OFDM). Therefore, efficient utilization of 100 MHz bandwidth is not an issue with different subcarrier spacings.
4 Numerology proposals
Scaling factor 

For reducing the cross-link interference, subframe boundaries of neighboring TDD cells with different numerologies are preferred to be aligned. For this reason, a scaling factor of N = 2n is proposed with which the subframe duration of each numerology option can be integer dividable by all the other options with shorter subframes, where n is a set of integer, e.g. {-1, 0, 1, 2, 3, 4, 5, 6}.
Scalability of sampling rate
To facilitate LTE/NR multi-RAT deployment NR subcarrier spacing will be designed to sampling rate backward compatible to LTE. If only one numerology exists in a carrier, both 60 kHz and 75 kHz are backward compatible to LTE. However, if multiple numerologies exist in a carrier subcarrier spacing fsc=f0 x 2^n will enable sampling rate scalability. For example subcarrier spacing multiple numerology 15 kHz, 30 kHz and 60 kHz have sampling rate scalability, therefore only one main clock sampling rate certain subcarrier spacing is needed. Other two sampling rate can be easily get by main clock sampling rate up or down.

However, if the multiple numerology subcarrier spacing is 15 kHz, 30 kHz and 75 kHz, only one main clock sampling rate may not be enough. This non scalability causes some implementation complexity.

Proposal 1: Confirm the work assumption 15 kHz as the baseline design for NR.
Proposal 2: Confirm the work assumption scale factors N =2n for subcarrier spacing as the baseline design for NR.
Based on the above analysis and initial evaluation results, the proposed numerology options are summarized in Table 3. 
Table 3 Numerology options

	Parameters
	Set 1
	Set 2
	Set 3
	Set 4
	Set 5
	Set 6
	Set 7
	Set 8

	Subcarrier
spacing (kHz)
	7.5
	15
	30
	60
	120
	240
	480
	960

	OFDM symbol
duration (usec)
	133.33
	66.67
	33.3
	16.67
	8.33
	4.17
	2.08
	1.04

	CP length (usec) (NCP/ECP)
	(10.4,9.38)
/ 33.3
	(5.2, 4.69)
/ 16.67
	(2.6, 2.34)
/8.33
	(1.3, 1.17)
/ 4.17
	(0.65, 0.59)
*
	(0.326, 0.29)
*
	(0.163,0.15)
*
	(0.08, 0.075) 

	No. of symbols per subframe
	7/6
	7/6
	7/6
	7/6
	14*
	28*
	56*
	112*

	Subframe 

duration (ms)
	1
	0.5
	0.25
	0.125
	0.125
	0.125
	0.125
	0.125

	CP overhead (NCP/ECP)
	6.67%
/20%
	6.67%
/20%
	6.67%
/20%
	6.67%
/20%
	6.67%
*
	6.67%
*
	6.67%
*
	6.67%

*


*Larger CP or re-arranged CP can also be defined if needed.
5 Conclusion
Observation 1: 60 kHz and 75 kHz subcarrier spacing have almost the same performance in low Doppler spread scenarios, and 120 kHz has better performance than 75 kHz and 60 kHz in high Doppler spread scenarios.
Observation 2: For CDL-D 500km/h scenario, after Doppler compensation all subcarrier spacing evaluated can have comparable performance.
Observation 3: For delay spread of 300 ns and 1000 ns, 60 kHz subcarrier spacing outperforms both 75 kHz and 120 kHz.
Observation 4: Depending on the phase noise level and the beamforming strategy under consideration, 60 kHz works well under 40 GHz, and larger subcarrier spacing is needed to combat phase noise for 70 GHz.
Proposal 1: Confirm the work assumption 15 kHz as the baseline design for NR.

Proposal 2: Confirm the work assumption scale factors N =2n for subcarrier spacing as the baseline design for NR.
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7 Appendix A
The assumptions used in evaluation are summarized in Table 4.
Table 4 Assumptions for Link Level Evaluation
	Assumptions
	Value

	Carrier frequency
	2GHz, 30GHz, 40GHz, 70GHz

	Simulation bandwidth per CC
	2GHz: 20MHz
Above 6GHz: 80MHz

	Tx mode
	LTE TM1, 1Rx

	Channel model
	TDL-B/CDL-B/CDL-C

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

	Channel estimation
	Ideal

	Speed 
	3km/h, 120km/h, 350km/h, 500km/h

	Beamforming 
	Analog

Antenna number is shown in each figure
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Figure 7 phase noise level for different frequency
