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1 Introduction
In 3GPP RAN1#85 [1], the following working assumptions and agreements are made : 
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

15kHz was agreed as the baseline design. However, there are still many candidate numerologies based on “scale factors N =2n” criterion, for example numerology of 30/60/120/240/480/… kHz subcarrier spacing. This contribution further analyzes these candidate numerologies.
2 Discussion
Table 1 lists the key parameters of candidate numerology sets to be discussed in this contribution.

Table 1. Candidate numerology sets
	Subcarrier-spacing
	15 KHz
	30 KHz
	60 KHz
	120 KHz
	240 KHz
	480 KHz

	OFDM symbol length (μs) (w/o CP)
	66.67
	33.33
	16.67
	8.33
	4.17
	2.08

	CP Length (ns)
	4687
	2344
	1172
	586
	293
	146


To determine subcarrier spacing, three aspects, as phase noise, mobility, and delay spread, are analyzed in the following Sub-section 2.1, 2.2, and 2.3, respectively. Based on the observations, we try to narrow down the candidate numerology sets in Sub-section 2.4.
2.1 Phase noise
It is observed that interference induced from phase noise depends on operating frequency and subcarrier spacing [2] [3].  “R1-163984 SetB” [3] and “mmMAGIC high model” [2] are applied in this contribution for evaluation. SINR degradation and corresponding BLER performance degradation due to phase noise is observed. As shown in Figure 1, there is almost no SINR degradation for “carrier frequency (fc) = 2G or 6GHz” with phase noise model of “R1-163984 SetB”. However, SINR degradation is observed for fc=39G or 70GHz. Table 2 compares the corresponding SINR between two different phase noise models. We check the corresponding SINR for SNR=20&30dB. (Please refer to Figure 7 in Appendix 5.1 for SINR degradation of “mmMAGIC high model”). Much larger interference is induced by phase noise if “mmMAGIC high” model is applied, and corresponding SINR = 25dB seems not achievable.
Table 2. SINR degradation
	
	SNR = (20, 30)dB

	phase noise model
	R1-163984 SetB
	mmMAGIC high

	carrier frequency (fc)
	39G
	70G
	39G
	70G

	corresponding SINR (dB)
(among numerologies)
	(~20, ~26)
	(~18, ~22)
	(~17, ~20)
	(~18, ~20)


In addition, BLER performance is also verified. Few key simulation assumptions are : AWGN, 64QAM, TBS=4520, code rate = 0.75, 1T1R. Figure 2 shows the simulation results. Taking “R1-163984 SetB” @ 70GHz as an example, phase noise causes 1~1.5dB loss @ BLER=0.1. Larger subcarrier spacing is more robust to interference induced by phase noise. 64QAM still works fine for phase noise model of “R1-163984 SetB”. However, 64QAM does not work @ fc=70GHz for phase noise model of “mmMAGIC high”. Also from Figure 2, subcarrier spacing of 15/30/60/120kHz suffer serious performance degradation, and therefore subcarrier spacing of 240/480kHz seems necessary for mmWave. From Table 2, since SINR is hard to achieve 30dB, 256QAM does not work well for such high frequency. When different phase noise model is applied, the workable operating frequency range of 64QAM may vary. Since there is still no one common convincing phase noise model agreed. It is hard to claim the workable operating frequency range for 64QAM and 256QAM. At this stage, we may only conclude that larger subcarrier spacing is more robust to interference induced by phase noise.
Observation #1: Performance impact due to phase noise is small for “sub-6G”.
Observation #2: Performance impact due to phase noise is significant for “above-6G” in high SNR region. 256QAM, or even 64QAM may not be supported for some frequency range of “above-6G”. Different phase noise model provides different results so it should be further analysed if one common phase noise model is agreed.
Observation #3: Larger subcarrier spacing is more robust to interference induced by phase noise.

[image: image1]
Figure 1. SINR degradation due to phase noise for “R1-163984 SetB”

[image: image2]
Figure 2. BLER performance degradation due to phase noise for “R1-163984 SetB”
2.2 Mobility
For high mobility, channel profile varies more within one OFDM symbol duration, which induces more interference. Smaller subcarrier spacing corresponds to larger OFDM symbol duration, and therefore BLER/throughput performance of smaller subcarrier spacing may be more sensitive to mobility. Simulations are performed to verify the phenomenon and helps us to choose among numerologies. To analyze mobility, “v = 3/30/60/120/350 km/hr” as well as “fc = 2/6/39/70 GHz” are chosen in simulation. Please refer to Appendix 5.2 for more simulation assumptions and more simulation results. Figure 3 and Figure 4 show the BLER performance for different mobility/numerologies @ fc=2GHz and @ 39GHz, respectively. All numerologies support mobility up to 350km/hr @ fc=2GHz. However, @ fc=39GHz, due to even larger Doppler spread, 15kHz numerology can only support up to 30km/hr. Table 3 summarizes the supported velocity for different numerologies. (Please refer to Appendix 5.2 for BLER performance @ fc=6/70GHz) As one may expect, larger subcarrier spacing is more robust to interference induced by mobility.
Observation #4: Larger subcarrier spacing is more robust to interference induced by mobility.
Table 3. Supported velocity for different numerologies
	Subcarrier spacing
fc
	15 KHz
	30 KHz
	60 KHz
	120 KHz
	240 KHz
	480 KHz

	2 GHz
	350 (km/hr)
	350
	350
	350
	350
	350

	6 GHz
	120
	350
	350
	350
	350
	350

	39 GHz
	30
	60
	120
	120
	350
	350

	70 GHz
	3
	30
	60
	120
	120
	350

	Note : It is claimed as “supported” if the degradation is less than 2dB (@ BLER=0.1) compared to “curve of 3km/hr”
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Figure 3. BLER performance for different mobility/numerologies @ fc=2GHz
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Figure 4. BLER performance for different mobility/numerologies @ fc=39GHz
2.3 Delay spread
According to [4], TDL-A has the largest normalized delay in NLOS model, so it is chosen to verify the applicable deployment environments for each numerology. Reference [4] suggests some scaling factors, to be applied on the normalized TDL-A, for 2/6/15/28/39/60/70GHz in indoor office, UMi and UMa deployments. For simplicity, 6GHz is chosen to represent “sub-6G”, and 39GHz is chosen as “above-6G”. Since beamforming is typically applied in “above-6G”, channel delay spread after beamforming is considered. From reference [5], RMS channel delay spread can be further reduced by half after MIMO beamforming. In this contribution, from our internal study and analysis, 0.59 is chosen as the additional scaling for “after beamforming”. Table 4 lists the scaling factors, to be applied on the normalized TDL-A, in our evaluation. From Ref [4], “Normal delay spread” corresponds to the median, and the “long delay spread” corresponds to the 90th percentile of the NLOS RMS delay spread of the system level channel model.
Table 4. Scaling factors, to be applied on the normalized TDL-A in the contribution
	Carrier Frequency

Channel Type
	6 GHz “sub-6G”
(before beamforming)
	39 GHz “above-6G”
(after beamforming)

	Indoor Office
	Normal delay spread (In_median)
	44.1 ns
	14.2 ns

	
	Long delay spread (In_90%)
	63.6 ns
	25.5 ns

	UMi
	Normal delay spread (UMi_median)
	87.6 ns
	35.9 ns

	
	Long delay spread (UMi_90%)
	306.8 ns
	179.4 ns

	UMa
	Normal delay spread (UMa_median)
	364.1 ns
	146.7 ns

	
	Long delay spread (UMa_90%)
	1149.4 ns
	462.9 ns


Simulations are performed to verify the phenomenon and helps us to choose among numerologies. Key simulation assumptions are “64QAM, TBS=4520, code rate = 0.75, 2T2R, 3km/hr”. Figure 5 and Figure 6 show the BLER performance for these two different delay spread sets, i.e. “sub-6G” and “above-6G”. As shown in Figure 5 for “sub-6G”, 15kHz numerology supports all delay spreads, but 60kHz and even larger subcarrier spacing do not support UMa_90%. Table 5 summarizes the supported delay spread for different numerologies. Due to longer CP length, smaller subcarrier spacing is more robust to longer channel delay spread. 
Observation #5: Due to longer CP length, smaller subcarrier spacing is more robust to longer channel delay spread.
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Figure 5. BLER performance for different delay spread @ fc=6GHz
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Figure 6. BLER performance for different delay spread @ fc=39GHz

Table 5. Supported delay spread for different numerologies

	Subcarrier spacing
Delay spread
	15 KHz
	30 KHz
	60 KHz
	120 KHz
	240 KHz
	480 KHz

	6 GHz

(before beamforming)
	In_median
	O
	O
	O
	O
	O
	O

	
	In_90%
	
	
	
	
	
	

	
	UMi_median
	
	
	
	
	
	

	
	UMi_90%
	
	
	
	
	X
	X

	
	UMa_median
	
	
	
	
	
	

	
	UMa_90%
	
	
	X
	X
	
	

	39 GHz

(after beamforming)
	In_median
	O
	O
	O
	O
	O
	O

	
	In_90%
	
	
	
	
	
	

	
	UMi_median
	
	
	
	
	
	

	
	UMi_90%
	
	
	
	
	
	X

	
	UMa_median
	
	
	
	
	
	

	
	UMa_90%
	
	
	
	X
	X
	

	Note : It is claimed as supported if the degradation is less than 2dB (@ BLER=0.1) compared to the best case

O : supported; X : not supported


2.4 Discussion on candidate numerology sets
The more numerologies to be adopted, the more application scenarios are supported by NR. However, too many numerologies makes the whole system/device more complicated. 
It was agreed that 15kHz subcarrier spacing as the baseline design assumption for the NR numerology.
Considering mmWave (extremely high frequency) application, subcarrier spacing of 240/480kHz seems necessary from analysis in Sub-section 2.1 “Phase noise”. From analysis in Sub-section 2.3 “Delay spread”, 240kHz numerology supports deployment scenarios of {In_median, In_90%, UMi_median, UMi_90%, UMa_median} @ 39GHz, much better than deployment scenarios supported by 480kHz numerology. Therefore, it is suggested that 480kHz is ruled out for NR.
In addition, 60kHz numerology is a good trade-off selection after 15kHz and 240kHz are picked out. This is because 

1. For “sub-6G” : 60kHz supports most of deployment environments (except UMa_90%) with velocity up to 350km/hr, where 15kHz may only support 120km/hr @ 6GHz.
2. For “above-6G” : 60kHz supports all concerned deployment environments ( where 240kHz cannot support UMa_90%) with velocity up to 60~120km/hr and certain interference resistance to phase noise.

As compromise between applicable scenarios and complexity of NR system/device, it is proposed that :
Proposal #1: Subcarrier spacing of 15/60/240kHz are adopted for NR numerologies. FFS whether 480KHz is necessary.
3 Conclusion
To determine NR numerologies, three aspects, as phase noise, mobility, and delay spread, were analyzed. Based on the observations, we narrow down the candidate numerology sets to 15/60/240kHz. Table 6 provides more parameters of these three numerologies.
Proposal #1: Subcarrier spacing of 15/60/240kHz are adopted for NR numerologies. FFS whether 480KHz is necessary.
Table 6. Proposed numerology sets
	
	Set 1
	Set 2
	Set 3

	Subcarrier-spacing (KHz)
	15
	60
	240

	Component carrier bandwidth (MHz) supported by a UE
	5/10/20/25
	20/40/80/100
	80/160/320/400

	FFT size
	512/1024/2048/2048

	OFDM symbol length (μs) (w/o CP)
	66.67
	16.67
	4.17

	CP Length (μs)
	4.69/5.21
	1.17/1.30
	0.293/0.326

	No. of symbols / Subframe
	7
	7
	28

	Subframe length (ms)
	0.5
	0.125
	0.125

	Frame length (ms)
	10
	10
	10

	NOTE
	The system bandwidth is flexible to be any value and transparent to a UE, not limited to the above values.
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5 Appendix

5.1 Appendix regarding to Section 2.1

[image: image7]
Figure 7. SINR degradation due to phase noise for “R1-163984 SetB”

5.2 Appendix regarding to Section 2.2
Simulation assumptions : 

1. 64QAM, TBS=4520, code rate = 0.75, 2T2R
2. To purely analyze mobility, TDL-A scaled by 400/200/100/50/25/12.5ns is applied for numerologies 15/30/60/120/240/480kHz, respectively. In this way, “delay spread vs CP length” and “frequency diversity” may be regarded as the same.
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Figure 8. BLER performance for different mobility/numerologies @ fc=6GHz
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Figure 9. BLER performance for different mobility/numerologies @ fc=70GHz
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