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1 Introduction

In the previous meeting (RAN1-84bis) [1], it is agreed that 
· Values of subcarrier-spacing are derived from a particular value of subcarrier-spacing multiplied by N where N is an integer. 
In this paper, following the analysis in a companion paper [2], the performance of two candidate subcarrier spacing 15kHz and 17.5kHz are compared. After that, further evaluations have been performed to narrow down the possible range of the scaling factor N, in regards to the diverse services, scenarios and carrier frequencies defined in [3].
2 Comparison between 15kHz and 17.5kHz family
In this section, performance comparison between 15kHz family and 17.5kHz family subcarrier spacing is provided by link level simulation. Simulation assumptions are listed in appendix A. The main differences between 15kHz family and 17.5kHz family subcarrier spacing as listed in Table 1 are the CP length, CP overhead and subcarrier spacing. 
Table 1 Subcarrier spacing candidates to evaluate
	
	15kHz family
	17.5kHz family

	Subcarrier spacing (kHz)
	15
	30
	60
	17.5
	35
	70

	CP length (usec)
	(5.2, 4.69)
	(2.6, 2.34)
	(1.3, 1.17)
	5.36
	2.68
	1.34

	CP overhead
	6.67%
	8.57%


2.1 Impact on delay spread
The comparison of different CP length and CP overhead on 17.5kHz and 15kHz are evaluated with TDL-C with 300ns and 1000ns desired DS [4]
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Figure 1 Performance comparison of different CP length for different base subcarrier spacing
The simulation results are summarized in Figure 1. In general, 15kHz subcarrier spacing outperforms 17.5kHz. For the evaluated secnearios, the performance gain of 15kHz over 17.5kHz is about 3%-5% due to CP overhead and slightly smaller precoding granularity in frequency domain. 
Observation 1: From the evaluated scenarios of different delay spread, 15kHz slightly outperforms 17.5kHz.
2.2 Impact on Doppler
The comparison of subcarrier spacing on 17.5kHz family and 15kHz family are evaluated with high speed and TDL-C with 300ns and TDL-B with 100ns desired DS [4]
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Figure 2 Performance comparison of different subcarrier spacing for different base subcarrier spacing
The simulation results are shown in Figure 2. In general, for evaluated high Doppler sceanrios, larger subcarrier spacing of 15kHz family (such as 30kHz and 60kHz family) slightly outperforms that of 17.5kHz family. 15kHz family provides lower CP overhead and 17.5kHz provides larger subcarrier spacing. 
Observation 2: From the evaluated scenarios of different Doppler spread, 15kHz family slightly outperforms 17.5kHz family.
Proposal 1: 15kHz family is proposed for the new radio.
3 Evaluation on 15kHz family options
In this section, numerology options for unicast and MBSFN transmissions are evaluated, focusing on the 15kHz family. 
In this section, different subcarrier spacing and CP length are evaluated based on the impact of three aspects, i.e. Doppler spread, phase noise and channel delay spread. For fairness, same time and frequency resource is used when comparing different numerology options. The simulation assumptions can be found in Appendix A.
3.1 Numerology candidates

Numerology options in Table 2 are used to evaluate the impacts of Doppler spread, phase noise and delay spread.
Table 2 Numerology options for evaluations
	Option Index
	1
	2
	3
	4
	5
	6
	7

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

	OFDM symbol duration (usec)
	133.33
	66.67
	33.33
	16.67
	8.33
	4.17
	2.08

	CP length (usec)
	(9.90,9.38)
	(5.2, 4.69)
	(2.6, 2.34)
/8.33
	(1.3, 1.17)
/ 4.17
	(0.65,0.59)
	(0.33, 0.29)
	(0.163, 0.146)


3.2 Impact of Doppler

In this subsection, the impact of Doppler spread is evaluated with the subcarrier spacing of 15kHz, 30kHz and 60kHz. A carrier frequency of 6GHz and ideal channel estimation are assumed. 
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(a) TDL-B with 100ns desired DS and different UE speed
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(b)  TDL-C with 300ns desired DS and different UE speed
Figure 3 Throughput performance with different Doppler spread
Figure 3 gives the simulation results with different moving speed and the following can be observed:

For evaluated scenarios of TDL-B with 100ns desired DS and TDL-C with 300ns desired DS, 15kHz have slightly better performance in low Doppler spread scenarios and 30kHz/60kHz have better performance in high Doppler spread scenarios. Compared 30kHz with 60Hz in 500km/h scenarios, 60kHz option perform slightly better.
Observation 3: From the evaluated scenarios of different Doppler spread, 15kHz have slightly better performance in low Doppler spread scenarios and 30kHz/60kHz have better performance in high Doppler spread scenarios.
3.3 Impact of phase noise
As the carrier frequency climbs up, phase noise due to the instability of local oscillators and multipliers is increased. Suggested modelling of phase noise can be found in [6]. With similar modulation formats used in different high frequency bands and different fading channels, the numerology design must take phase noise into consideration.
3.3.1 OFDM-based system
For OFDM, the effects of phase noise can be divided into two parts: Common phase error (CPE) and inter-carrier interference (ICI). CPE causes a common phase rotation in all subcarriers while ICI introduces interferences to any subcarrier from all the other subcarriers. To accommodate the augmented phase noise in high frequency, larger subcarrier spacing may be needed for OFDM systems. 
Denoting the power spectrum density of the phase noise as P(f), the signal-to-interference ratio (SIR) due to the ICI as a function of the sub-carrier spacing, Δf , can be expressed as
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where W(f) is the inter-subcarrier interference as a function of the frequency shift, which is given by
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Using the PSD of phase noise proposed in [6], the achievable SIR for 30GHz is given in Figure 4, assuming different phase noise levels, where the legend “UE” and “BS” correspond to the high and low phase noise level defined in [6], respectively. Depending on implementations, other phase noise of dashed line shown Figure 4 are given as examples 
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Figure 4 SIR with different phase noise level
Here we present the BLER results without considering beamforming. From Figure 5, we can see that under 300ns DS scenarios, performance of 60kHz has better performance due to larger CP to remove ISI interference.  
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Figure 5 BLER performance without beamforming 
However, if beamforming is applied at both the transmitter and the receiver, it is expected that the multi-path delay spread will be reduced. To gain a better understanding on this, we have taken the channel statistics from [7]

 REF _Ref450055894 \r \h 
[8]

 REF _Ref450055895 \r \h 
[9] and applied the beam pattern in eq. (4.26) of [10], and Table 3 was obtained:
Table 3 Channel characteristics before and after beamforming (28GHz)
	28GHz, UMi NLoS

	BS
	UE
	DS (ns)
	MED (ns)

	Antenna
	HPBW (deg)
	Antenna
	HPBW (deg)
	50%
	90%
	50%
	90%

	64
	12.7
	4
	50.8
	15
	130
	71
	552

	256
	6.3
	16
	25.4
	2
	68
	9
	319

	Omni
	Omni
	49
	250
	230
	1100


One can observe that after beamforming, the RMS delay spread (DS) and the maximum excess delay (MED) are both reduced, and the resulting values are highly related to the beam pattern and antenna configuration under consideration. Note that the numbers of antenna elements used in the tables are all typical values, either from the agreed TR [3] or recent discussions in RAN1 mail list.
Based on discussions above, figure 6 presents simulation results for two cases: 256*32 antenna configurations with 100ns DS and 64*4 antenna configurations with 1000ns DS.

· For the cases of 256*32 with 100ns DS even the shortest CP (~300ns for the option with 240kHz subcarrier spacing) still can cover 3 times of the 90% DS [11] after beamforming. Subcarrier spacing of 120kHz and 240kHz provide better performance than 60kHz subcarrier spacing due to better resistance against Doppler effects and phase noise. 
· For the cases of 64*4 with 1000ns DS, subcarrier spacing of 60kHz provide better performance than other due to larger CP to remove ISI interference.  
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Figure 6 BLER performance with beamforming
3.3.2 DFT-s-OFDM-based system

For a single-carrier waveform such as DFT-s-OFDM, phase noise causes phase error of each modulated symbol and by exploiting the correlation in the time domain, it can be estimated and compensated by blind or pilot-assisted phase noise compensation (PNC) schemes. In general, the robustness of single carrier waveform against phase noise is more related to the ability to track and compensate for the phase noise in the time domain, and the subcarrier spacing, if DFT-s-OFDM is used, becomes less important.  
Here we use the 73GHz band as an example. The channel characteristics before and after beamforming are provided in Table 4. One can see that the DS and MED are further reduced as compared with those for 28GHz band (Table 3). The reduced delay spread and thereby increased coherence bandwidth would allow for using a larger subcarrier spacing and shorter CP. As shown in Figure 8, the BLER performance is insensitive to the subcarrier spacing. In such cases, to enable convenient wide-band operation with reasonable FFT size at the 70GHz band where 10GHz bandwidth is available, a wider subcarrier spacing is preferred. 
Table 4 Channel characteristics before and after beamforming (73GHz)
	73GHz, UMi NLoS

	BS
	UE
	DS (ns)
	MED (ns)

	Antenna
	HPBW (deg)
	Antenna
	HPBW (deg)
	50%
	90%
	50%
	90%

	256
	6.3
	16
	25.4
	<1
	65
	2
	275

	1024
	3.2
	64
	12.7
	<1
	27
	<1
	116

	Omni
	Omni
	37
	232
	168
	989
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Figure 7 BLER performance with beamforming (70GHz)
Observation 4:

Depending on the phase noise level and the beamforming strategy under consideration, the numerology options with 60kHz, 120kHz, 240kHz and 480kHz subcarrier spacing are suitable candidates for high frequency bands above 6GHz.
3.4 Impact of delay spread

In this subsection, impact of delay spread on 15kHz, 30kHz and 60kHz is investigated. 3km/h UE speed and 2GHz are assumed. Different delay spread (such as TDL-C with 300ns and 1000ns desired DS and TDL-B with 100ns desired DS [4]

 REF _Ref450575980 \r \h 
[5] for unicast transmissions and MBSFN propagation channel profile [12] for MBSFN transmission) are evaluated. 
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Figure 8 Throughput comparison with different delay spread
Figure 8 gives the results of unicast transmission with different delay spread. In general, 15kHz outperforms 30kHz and 60kHz. For TDL-C 300ns and 1000ns desired DS, performance losses of 30kHz and 60kHz are caused by larger ISI than 15kHz. For TDL-B 100ns desired DS, all the CP length of the three numerology options (15kHz, 30kHz and 60kHz) can cover the delay spread, and all the performances are similar.
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Figure 9 Throughput comparison between ECP and NCP for larger delay spread scenarios
Figure 9 gives the comparison of ECP and NCP for 30kHz and 60kHz. In general, ECP outperforms NCP for 30kHz and 60kHz with TDL-C with 1000ns desired DS and 64QAM, and 30kHz and 60kHz with ECP facilitates URLLC with short symbol length and high performance.    
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Figure 10 Throughput for broadcast with MBSFN transmission
Figure 10 gives the results of MBSFN transmission. In general, 7.5kHz with longer CP outperforms 15kHz with normal CP
Observation 5:

· For TDL-C with 300ns and 1000ns desired DS and TDL-B 100ns desired DS, 15kHz subcarrier spacing outperforms 30kHz and 60kHz.
· For TDL-C with 1000ns desired DS, ECP of 30kHz and 60kHz outperforms corresponding NCP.
· For MBSFN transmission, 7.5kHz with longer CP outperforms 15kHz with normal CP.
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 = 2m is proposed with which the subframe duration of each numerology option can be integer dividable by all the other options with shorter subframes. 
Number of symbols per subframe
For the numerology design below 6GHz, RB structure should be identical (such as 7 symbols by 12 subcarriers in one RB) among different numerology option to keep the same control/RS overhead and reuse the same channelization design. Hence, for below 6GHz, for different numerology options, keeping the same number of symbols per subframe (e.g., 7) is preferred. 
Proposal 2: The subcarrier spacing for the NR numerology should scale as fsc = f0 * 2m, where f0 = 15kHz, where  m = {-1, 0, 1, 2, 3, 4, 5}.

Based on the above analysis and initial evaluation results, the proposed numerology options are summarized in Table 5. In addition to licensed band, the subcarrier spacing of 15/30/60kHz in 5GHz unlicensed band and 480KHz in unlicensed 60GHz band can be the candidates.
Table 5 Numerology options
	Parameters
	Set 1
	Set 2
	Set 3
	Set 4
	Set 5
	Set 6
	Set 7

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

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

	CP length (usec) (NCP/ECP)
	(9.90,9.38)
/ 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)
*

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

	Subframe 
duration (ms)
	1
	0.5
	0.25
	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%
*


*Larger CP or re-arranged CP can also be defined if needed.
5 Conclusion
Observation 1: From the evaluated scenarios of different delay spread, 15kHz slightly outperforms 17.5kHz.
Observation 2: From the evaluated scenarios of different Doppler spread, 15kHz family slightly outperforms 17.5kHz family.
Observation 3: From the evaluated scenarios of different Doppler spread, 15kHz have slightly better performance in low Doppler spread scenarios and 30kHz/60kHz have better performance in high Doppler spread scenarios.
Observation 4:Depending on the phase noise level and the beamforming strategy under consideration, the numerology options with 60kHz, 120kHz, 240kHz and 480kHz subcarrier spacing are suitable candidates for high frequency bands above 6GHz.

Observation 5:

· For TDL-C with 300ns and 1000ns desired DS and TDL-B 100ns desired DS, 15kHz subcarrier spacing outperforms 30kHz and 60kHz.
· For TDL-C with 1000ns desired DS, ECP of 30kHz and 60kHz outperforms corresponding NCP.

· For MBSFN transmission, 7.5kHz with longer CP outperforms 15kHz with normal CP.
Proposal 1: 15kHz family is proposed for the new radio.
Proposal 2: The subcarrier spacing for the NR numerology should scale as fsc = f0 * 2m, where f0 = 15kHz, where  m = {-1, 0, 1, 2, 3, 4, 5}.
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Appendix A
The assumptions used in evaluation are summarized in Table 6.
Table 6 Assumptions for Link Level Evaluation
	Assumptions
	Value

	Carrier frequency
	2GHz, 6GHz, 30GHz, 70GHz

	Simulation bandwidth per CC
	Below 6GHz: 20MHz
Above 6GHz: 80 or 120MHz

	Tx mode
	Below 6GHz: LTE TM9, 4T2R, 1 layer
Above 6GHz: LTE TM1, 1Rx or 2Rx

	Channel model
	CDL/TDL

	MCS
	{16QAM: 1/2, 2/3} {64QAM: 3/4}


	MIMO precoder for TM9
	SVD precoding with a granularity of 12 subcarriers

	Channel estimation
	Ideal
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