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1. Introduction
In RAN1#84bis, we started to study on the NR including NR numerology. Several agreements were made as followings:
	Agreements:

· For NR, it is necessary to support more than one values of subcarrier-spacing

· The values of subcarrier-spacing are derived from a particular value of subcarrier-spacing multiplied by N where N is an integer
· Alt.1: Subcarrier-spacing values include 15 kHz subcarrier-spacing (i.e., LTE based numerology)

· Alt.2: Subcarrier-spacing values include 17.5 kHz subcarrier-spacing with uniform symbol duration including CP length

· Alt.3: Subcarrier-spacing values include 17.06 kHz subcarrier-spacing with uniform symbol duration including CP length

· Alt.4: Subcarrier-spacing values 21.33 kHz

· Note: other alternatives are not precluded

· FFS: exact value of a particular value and possible values of N
· The values of possible subcarrier-spacing will be further narrowed-down in RAN1#85
· Companies are encouraged to provide detailed analysis and input the views in the following table

	Agreements:

· RAN1 will continue further study and conclude between following alternatives in the next meeting

- Alt. 1:

· The subcarrier spacing for the NR scalable numerology should scale as

· fsc = f0 * 2m
· where

· f0 is FFS

· m is an integer chosen from a set of possible values

- Alt. 2:

· The subcarrier spacing for the NR scalable numerology should scale as

· fsc = f0 * M

· where

· f0 is FFS

· M is an integer chosen from a set of possible positive values

· All companies are requested to analyze/evaluate following aspects

· Realistic phase noise

· How each alternative allows mixing different numerologies

· All companies are requested to propose exact values of 

· f0, m, and M

	Agreements:

· For the study of NR, RAN1 assumes that multiple (but not necessarily all) OFDM numerologies can apply to the same frequency range

· Note: RAN1 does not assume to apply very low value of subcarrier spacing to very high carrier frequency


Based on the agreements, we address our numerology design view and provide its evaluation results for numerology design for NR.

2. Numerology Design Criteria
· Baseline subcarrier spacing
In RAN1#84bis, baseline subcarrier-spacing candidates of 15, 17.5, 17.07 and 21.33kHz were proposed. One of the benefit for 17.5 and 17.07kHz seems that it can achieve 2n symbols per 1ms, which could provide an efficient manner to support variable mini-subframe length (and thus TTI length) for low latency applications by scaling to the duration of mini-subframe by 2m (m≤n) symbols assuming only one CP length is supported per given subcarrier spacing value. Based on the analysis shown in our companion contribution [3], to meet URLLC U-plane latency, it seems that mini-subframe length of 0.166 msec (at least less than 0.25 msec) is necessary. If we consider this, to support this short TTI length with either 17.5 kHz or 17.07 kHz, we need to have a mini-subframe of 2 OFDM symbols which cannot support unpaired spectrum operation (i.e., too short to accommodate downlink, GP, and uplink portion in one mini-subframe). If subcarrier spacing of 35 kHz is considered to support URLLC, CP length would not be sufficient to support such as 1us delay spread. If extended CP is considered for 35 kHz, 2n symbols per 1ms may not be hold any more, and thus benefits are significantly reduced. Also, there is not distinguishable performance gap between both 15kHz and 17.5kHz, which will be shown in the evaluation result. 
Due to the fact that the subcarrier-spacing of 15kHz has already defined normal CP and extended CP, 15kHz is more natural than 17.5kHz and 17.04kHz which require to newly design extended CP. More importantly, it is being discussed to provide tight coexistence between NR and LTE to allow NR to utilize unused resources by LTE in both co-channel and adjacent to LTE carrier. To provide such tight coexistence, supporting 15 kHz would be natural. Therefore, it is our proposal to adopt 15 kHz as a baseline subcarrier spacing. 
Proposal 1: 15kHz is a baseline subcarrier spacing.
· Scalable Numerology
In RAN1#84bis, the candidate subcarrier spacing of fsc = f0 x 2M and fsc =f0 x M were proposed. For NR system, efficient multiplexing of different numerologies in a carrier should be taken into account. Using fsc = f0 x 2M, the tight interworking between different numerologies can be enabled with respect to subframe (frame) boundary align. For example, it is possible to align the subframe boundaries of both M=m1 and M=m2 (m2 > m1) to that of m1 between any m1 and m2 supported. On the other hand, in case of fsc =f0 x M, the tight subframe boundary alignment is not ensured (e.g., m1 = 2, m2 = 5). 
In addition, sampling rate sharing between different numerologies would be available. When ratio of different subcarriers is M power of 2, sampling rate sharing can be shared between different subcarrier. The fsc = f0 x 2M enables sampling rate sharing. For example, subcarrier spacing of 15, 30 and 60kHz have sampling rate of 30.72, 61.44 and 122.88MHz, respectively. In this case, 122.88MHz can support both 30.72MHz and 61.44MHz, and 61.44MHz also support 30.72MHz. On the contrary, subcarrier spacing of 15, 30 and 75kHz have sampling rates of 30.72, 61.44, and 153.6MHz. In this case, since a ratio of 153.6 and 61.44MHz is 2.5, it would not be possible to share sampling rate each other.
In terms of efficient multiplexing of different numerologies and sampling rate sharing between different numerologies, we observe that fsc = f0 x 2M provides proper scalable numerology sets for NR.
Observation 1: fsc = f0 x 2M based scalable numerology sets provide efficient multiplexing of different numerologies and enables sampling rate sharing between different numerologies.
Proposal 2: The subcarrier spacing for the NR scalable numerology should scale as fsc = f0 x 2M.
3. Numerology Candidate
Table 1 shows numerology candidates for NR based on subcarrier spacing and CP type. In this table, base subcarrier spacing (f0) is equal to 15kHz, and the subcarrier spacing for the NR scalable numerology is f = f0 x 2M  with M being an integer value. Also, all numerologies are derived from the LTE numerology via scaling. Then, subframe length is scaled down to 1ms x 2- M. In addition, normal CP and extended CP are scaled down to 4.69 us x 2- M and 16.67 x 2- M, respectively. 

Table 1. Numerology candidates for NR
	Subcarrier Spacing
	15kHz
	30kHz
	60kHz
	120kHz

	CP type
	Normal
	Extended
	Normal
	Extended
	Normal
	Extended
	Normal
	Extended

	FFT duration (us)
	66.67
	33.33
	16.67
	8.33

	CP duration (us)
	5.2 / 4.69
	16.67
	2.60 / 2.34
	8.34
	1.30 / 1.17
	4.17
	0.651 / 0.586
	2.08

	CP overhead (%)
	7.14
	25.01
	7.14
	25.01
	7.14
	25.01
	7.14
	25.01

	Symbol duration (us)
	71.87 / 71.36
	83.34
	35.93 / 35.67
	41.67
	17.97 / 17.84
	20.83
	8.984 / 8.919
	10.42

	Channel BW (MHz)
	20
	40
	80
	160

	FFT size
	2048
	2048
	2048
	2048

	Subframe (ms)
	1
	0.5
	0.25
	0.125

	# of Symbols / SF
	14
	12
	14
	12
	14
	12
	14
	12


4. Performance Evaluation
In this section, we show the evaluation results of the numerology candidates in Table 1. Then, we verify whether the numerologies work well in the following aspects: 
- Impact of CP-length

- Impact of Phase noise

In Table 2, a common set of parameters are illustrated. 
Table 2. Common parameters for link-level simulations
	Parameters
	Values

	Channel model
	TDL-C

	Delay spread, DSdesired
	10, 30, 100, 300, 1000ns

	Subcarrier Spacing
	15kHz, 30kHz, 60kHz

	Frequency Resource for Data transmission
	14.4MHz

	# of OFDM symbols per TTI
	14 (Normal CP), 12 (Extended CP)

	Coding Scheme
	Turbo Coding

	# of Tx Antenna
	4

	# of Rx Antenna
	2, 4

	Transmission Scheme
	Fixed Precoding

	Link Adaption
	Fixed Rank

AMC with ideal feedback

	Channel Estimation
	Perfect Channel Estimation


First, we employ the tapped delay line (TDL)-C channel model in [2]. We present three different simulations where subcarrier-spacing (f) of 15kHz, 30kHz, 60kHz, and 120kHz are evaluated unless otherwise stated. For fair comparison in terms of the frequency-diversity gain, same system bandwidth is assumed for all the f.
4.1. Impact of CP-length
In this subsection, we show the evaluation results according to different delay spreads. We assume AMC (Adaptive Modulation Coding) with fixed rank. Also, normal CP is assumed unless otherwise stated.
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(a) 4Tx-2Rx, Rank 1



(b) 4Tx-2Rx, Rank 2
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   (c) 4Tx-4Rx, Rank 4
Figure 1 Spectral Efficiency (f =15kHz@4GHz)
In Figure 1, it is shown that the 15kHz subcarrier spacing with normal CP can support delay spread of 10, 30, 100 and 300ns for all ranks without significant performance degradation. In addition, the performance improvement is observed as the delay spread increases up to 300ns, which results from the frequency diversity. However, in case of 1000ns delay spread, marginal throughput loss due to ISI is shown in rank 2. Furthermore, in rank 4, we can observe performance degradation at high SNR due to ISI from long delay spread. 
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(a) 4Tx-2Rx, Rank 1                      (b) 4Tx-2Rx, Rank 2
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(c) 4Tx-4Rx, Rank 4
Figure 2 Spectral Efficiency (f =30kHz@4GHz)
In Figure 2, it is shown that 30kHz subcarrier spacing with normal CP can support 10/30/100/300ns delay spread for all ranks. On the other hand, for 1000ns delay spread with rank 2 & 4, UE throughput is significantly degraded, since higher rank transmission is more vulnerable to ISI. 

For rank 2 with extended CP, UE throughput is lower than that with normal CP up to SNR of 24dB, while it has better throughput than that of normal CP over SNR of 24 dB despite of CP overhead. Similarly, for rank 4 and extended CP, its throughput is further improved from higher SNR of 23dB. 
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(a) 4Tx-2Rx, Rank 1                      (b) 4Tx-2Rx, Rank 2
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(c) 4Tx-4Rx, Rank 4
Figure 3 Spectral Efficiency (f =60kHz@4GHz)
In Figure 3, it is shown that 60kHz subcarrier spacing with normal CP can support 10/30/100ns delay spread for all ranks without performance loss due to ISI. In addition, it can support 300ns delay spread for rank 1 without ISI and for rank 2 with a marginal performance loss. However, for 300ns delay spread with rank 4, and 1000ns delay spread with all ranks, we can see that the performance degradation is significant. 

Note that for rank 1 with extended CP, UE throughput is lower than that with normal CP for all SNR. On the other hand, for rank 2 & 4 with extended CP, UE throughput is lower than that with normal CP up to SNR=18dB, while it achieves higher throughput than that with normal CP over SNR of 18dB. 
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(a) 4Tx-2Rx, Rank 1                   (b) 4Tx-2Rx, Rank 2
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(c) 4Tx-4Rx, Rank 4
Figure 4 Spectral Efficiency (f=120kHz@4GHz)
In Figure 4, it is observed that the 120 kHz subcarrier spacing with normal CP is operated without performance degradation at 10/30/100ns delay spread of all ranks. Also, it can support 300ns delay spread for rank 1 with a little performance loss, but large performance degradation is shown at 300ns delay spread of rank 2 and 4.

Note that for 300ns delay spared of rank 1 with extended CP, UE throughput is lower than that with normal CP for all SNRs. On the other hand, for 300ns delay spared of rank 2 & 4 with extended CP, UE throughput is higher than that with normal CP over SNR of 20dB. In addition, for 1000ns delay spared of all ranks, we can see that the numerology of f=120kHz with extended CP shows better performance than that with normal CP over SNR of 12dB. 

From the evaluation results, we summarize ISI impact according to subcarrier spacing with normal CP in Table 3. Here, ‘ISI Free’ indicates no performance degradation, and ‘ISI’ indicates performance degradation.
Table 3. ISI impact for different subcarrier spacings with normal CP
	
	15kHz
	30kHz
	60kHz
	120kHz

	10ns
	ISI Free
	ISI Free
	ISI Free
	ISI Free

	30ns
	ISI Free
	ISI Free
	ISI Free
	ISI Free

	100ns
	ISI Free
	ISI Free
	ISI Free
	ISI Free

	300ns
	ISI Free
	ISI Free
	ISI Free for Rank 1
	ISI

	
	
	
	ISI for Rank 2 &4
	

	1000ns
	ISI
	ISI
	ISI
	ISI


Observation 2:
· Up to 100ns delay spread, the significant performance degradation is not shown for all subcarrier spacing.

· For 300ns delay spread, 60 and 120 kHz experience throughput loss due to ISI, and the performance loss increases as rank grows.
· For 1000ns delay spread, all subcarrier spacings suffer from performance loss due to ISI. By considering the trade-off between the throughput loss due to ISI and CP overhead, whether extended CP is adopted could be determined.
Proposal 3: 30kHz and 60kHz can be used for with long delay spread case as well. Also, extended CP with 30 kHz and 60 kHz would be employed for long delay spread.
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(a) 4Tx-2Rx, Rank 2                   (b) 4Tx-4Rx, Rank 4
Figure 5 Spectral Efficiency (f =15 and 17.5kHz @4GHz)
In Figure 5, we evaluate the simulations at 300/1000ns delay spread in order to compare the robustness of both 15 and 17.5kHz to delay spread. Here, we can see that for 1000ns, 17.5kHz has slightly better performance at high SNR compared to 15kHz because of larger CP length. However, it can be seen that the performance gap between 15 and 17.5kHz is marginal.
Observation 3: The performance gap between 15 and 17.5kHz is marginal. 

4.2. Impact of phase-noise
Phase noise has been defined as the noise arising from the short-term random fluctuation in the phase of a waveform. In this subsection, we adopt the phase-noise model in [4] and [5] whose PSD (Power Spectrum Density) are illustrated in Figure 6 where [4] and [5] models have K =-78 and K =-64dBc/Hz, respectively. Based on the PSDs, Figure 7 illustrates the SIR (Signal to Interference Ratio) due to phase noise according to subcarrier spacings, and shows that SIR is enhanced by larger subcarrier spacing. In this plot, we can see that the SIR difference between both models is so distinguishable that [4] and [5] achieve SIR=30dB at f =15kHz and f =300kHz, respectively. 
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Figure 6 Power spectrum density of Phase Noise modelled in [4] and [5].
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Figure 7 Signal to Interference Ratio due to Phase Noise
To evaluate the pure phase noise impact according to different subcarrier spacing, we assume AWGN channel and same RBs regardless of frequency spacings. In all simulation results, SISO with MCS #26 is adopted, and ideal channel estimation and CPE compensation are applied unless otherwise stated.
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Figure 8 BLER performance with CPE compensation based on PSD in [4]
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Figure 9 BLER performance with CPE compensation based on PSD in [5]
Figure 8 and Figure 9 adopt PSDs in [4] and [5], respectively. In both figures, it should be noted that all subcarrier spacings without phase-noise achieve the same BLER performance. As expected in Figure 7, Figure 8 shows that the BLER loss due to phase noise is marginal regardless of subcarrier spacing. In this figure, f =15kHz provides a BLER loss of 0.17dB compared to the case without phase-noise, which can also be considered as an available subcarrier spacing at 40GHz. 
On the contrary, Figure 9 shows that there are distinguishable performance gap among subcarrier spacings. Similar to result (blue graph) in Figure 7, smaller subcarrier spacing has larger BLER loss, while larger subcarrier spacing reduces the BLER loss due to phase noise. In this figure, f =15kHz suffers from a significant BLER degradation of about 5dB at BLER=0.01 compared to the case without phase noise, which means that f =15kHz is not suitable at 40GHz. Also, it can be checked that f =75kHz achieves 0.3dB better BLER performance at BLER=0.01 than f =60kHz in Figure 9, while both f =60kHz and f =75kHz have the almost identical BLER performance in Figure 8. As a result, we can see that the performance gap between subcarrier spacings, induced by phase noise, is dependent on its PSD.
Observation 4: Effect of phase noise can be reduced by adopting larger subcarrier spacing.   
Observation 5: The performance gap between subcarrier spacings, induced by phase noise, is dependent on its PSD.
Proposal 4: Study the PSD of phase noise in order to determine available subcarrier spacing in specific frequency bands.  
5. Conclusion
In this contribution, we show initial evaluation results for different subcarrier spacings and verify the scalable numerology candidates for the NR. Then, our observations and proposals are as follows:
Observation 1: fsc = f0 x 2M based scalable numerology sets provide efficient multiplexing of different numerologies and enables sampling rate sharing between different numerologies.
Observation 2:
· Up to 100ns delay spread, the significant performance degradation is not shown for all subcarrier spacing.

· For 300ns delay spread, 60 and 120 kHz experience throughput loss due to ISI, and the performance loss increases as rank grows.

· For 1000ns delay spread, all subcarrier spacings suffer from performance loss due to ISI. By considering the trade-off between the throughput loss due to ISI and CP overhead, whether extended CP is adopted could be determined.

Observation 3: The performance gap between 15 and 17.5kHz is marginal.
Observation 4: Effect of phase noise can be reduced by larger subcarrier spacing.   
Observation 5: The performance gap between subcarrier spacings, induced by phase noise, is dependent on its PSD.
Proposal 1: 15kHz is a baseline subcarrier spacing.
Proposal 2: The subcarrier spacing for the NR scalable numerology should scale as fsc = f0 x 2M.
Proposal 3: 30kHz and 60kHz can be used for with long delay spread case as well. Also, extended CP with 30 kHz and 60 kHz would be employed for long delay spread.
Proposal 4: Study the PSD of phase noise in order to determine available subcarrier spacing in specific frequency bands.  
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