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Introduction
In RAN1#84b, it was agreed that the study assumes sub-carrier spacings (SCS) generated by scaling a basic SCS with a certain scaling factor [1]. Now, the selection of a basic SCS and a set of scale factors is still open for further study.
Different alternatives have been discussed for the basic SCS during the RAN1#84b meeting [2].
· Alt1 reuses LTE’s SCS (i.e. 15 kHz) and also the  CP lengths and number of OFDM symbols in 1ms are identical to LTE.
·  Alt2/3/4 pursuit uniform CP length so that 16 OFDM symbols can be accommodated in 1ms. 
Meanwhile, it is also desired for alt2/3/4 to keep the corresponding numerology close to LTE due to its proven performance in real networks. Alt2 uses the same DFT/IDFT size as LTE, but the sampling rate is changed by multiplying the LTE sampling rate with a factor p/q, where p and q are integer numbers. This operation also scales consequently the SCS with the same factor p/q. For example, when p/q is chosen to 7/6, then the SCS becomes 17.5 kHz (i.e. 15 kHz * 7/6) and the sampling rate is calculated to 35.84 MHz (i.e. 30.72MHz*7/6). Then, the length of the CP becomes 5.36 us (35840 samples/16-2048 samples=192 samples). For alt3/4, the sampling rate remains the same as in LTE, while the DFT/IDFT size and SCS are adjusted for different CP lengths. For example, in Alt3, the length of the CP will become 3.9 us when   DFT/IDFT size of 1800 points and SCS of 17.07 kHz are used (CP length = 30720 samples/16-1800=120 samples).
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Regarding the scaling factor, two alternatives are agreed for evaluation[1], i.e. fsc = f0 * 2m or fsc = f0 * M, where m is an integer number chosen from a set of possible values and M is an integer number chosen from a set of possible positive values.
In this contribution, simulation is firstly performed to compare different alternatives of the basic SCS in terms of performance and support of short subframes. After that, the selection of the SCS scaling factor is analyzed and evaluated where the impact of delay spread and Doppler is considered. It is also suggested that phase noise model should be discussed in RAN1 before the decision on scale factor is made.
Comparison of different basic SCS
[bookmark: _Ref450760811]Performance
In this section, we compare the performance of alt1 (LTE like numerology with NCP) and alt3 (1800-points DFT). The simulation results with the TDL A channel model are shown in the Figure 1. It can be seen that both numerologies have almost the same performance under the condition of 30 kmph and TDL A with a RMS delay spread of 1000 ns. It can be expected that the same conclusion will be drawn for smaller delay spreads due to the pretty close numerology values of alt1 and alt3.
Observation 1: 
Numerology alt3 shares the same performance as alt1.
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[bookmark: _Ref450817009]Figure 1 Performance of Alt1 and Alt3
Support of short subframe
There are at least two methods to realize a short subframe, e.g. (1) by reducing the number of OFDM symbols in the subframe and (2) by using a larger SCS scaling factor. In Alt3 both methods can be applied without disrupting the overall sub-frame alignment. Since 16 symbols of equal duration are accommodated in 1ms, one can for example utilize two OFDM symbols to form a short subframe of 125us. This length may be needed to satisfy the severe UP latency requirement of URLLC. Alt1 consists of 14 (NCP) symbols per 1ms (even not having a uniform duration). This number of symbols per 1ms is not easily down-sizable without disrupting the overall subframe alignment. Thus, alt1 has to use a larger SCS  scaling factor to realize a short subframe. For example, in order to achieve a short subframe of 125 us with Alt1, one can use one LTE slot (7 symbols = 0.5 ms) and scale up the LTE SCS 4 times. However, this SCS scaling will result in an accordingly smaller CP length. Therefore, the extended CP is required in the scenarios with larger delay spread (as discussed in [3]).
Simulations are performed to compare the performance of the aforementioned methods of realizing a 125 us short subframe, i.e. 
· Method 1: using 2 OFDM symbols of alt3 
· Method 2: using one LTE slot with SCS scaling factor 4. 
As shown in Figure 2, for a larger delay spread (i.e. 1000 ns), alt3 will outperform alt1 no matter what kinds of CP length is used by alt1. The inferior performance of alt1 with normal CP mainly comes from ISI and ICI due to the larger delay spread and short CP length. The performance of Alt1 with ECP is also inferior to Alt3. This is due to the large ECP overhead of 20%. 
Observation 2:
Numerology alt3 outperforms alt 1 in terms of supporting short TTI under the condition of larger delay spread.
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[bookmark: _Ref450817202]Figure 2 Performance of different methods for short TTI
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]Evaluation and analysis of scale factor
[bookmark: _Ref450897010]Impact of delay spread and Doppler
The value of the SCS scaling factor is mainly impacted by delay spread, Doppler and phase noise. In this section, simulation is performed to evaluate the most suitable scaling factor under different assumptions of delay spread and Doppler in the most important scenarios of new RAT. Basic numerology of alt3 and alt4 is assumed.
Several deployment scenarios of the new RAT are listed in [4]. In our opinion, the priority should be given to indoor hotspot, dense urban and urban macro in phase one. The main parameters of these scenarios are shown in Table 1 according to the definition in [4] and [5]. The simulations in this section mainly focus on high carrier frequency, therefore only the RMS delay spreads for frequencies larger than 6 GHz are considered. Consequently, three cases abstracted from the parameters of Table 1 are listed below
· Case 1: MS: 30 kmph, CF: 30 GHz, RMS delay spread: 10, 30, 100, 300, 1000
· Case 2: MS: 3 kmph, CF: 30 GHz, RMS delay spread: 10, 30, 100, 300, 1000
· Case 3: MS: 3 kmph, CF: 70 GHz, RMS delay spread: 10, 30
In terms of Doppler and delay spread, scale factor of 1 is expected to have robust performance for case 2 and 3 which are carefully considered by LTE. Hence, case 1 is evaluated for the selection of scale factor with delay spread of 30ns, 300ns and 1000ns representing small, middle and larger delay spread respectively.
[bookmark: _Ref450812909]Table 1 Parameters of Typical Scenario
	
	Moving Speed (MS)
(kmph)
	Carrier frequency (CF)
(GHz)
	RMS Delay spread (ns)
( > 6GHz)

	Indoor hotspot
	3
	4/ 30/70
	10/30

	Dense urban
	3/30
	4/30
	30/100/300

	Urban macro
	3/30
	4/30
	10/300/1000


The simulation results are summarized in Section 6.2. From the results shown in Figure 3, it can be observed that for small delay spread (e.g. DS=30 ns), 4 times scaling of numerology is enough to overcome ICI incurred by large Doppler. Furthermore, scale factor 3 shows marginal performance gain over scale factor 2 in the case that the impact of Doppler is dominant. 
For medium delay spread (e.g. DS=300ns), as shown in Figure 4, scale factor 2 is a good choice when both delay spread and Doppler are should be taken into account. It is believed that scale factor 3 with ECP will not be superior to scale factor 2 since only marginal performance gain over scale factor 2 is observed in Figure 3, which cannot compensate the large overhead of ECP. 
When it comes to large delay spread (i.e DS=1000ns), scale factor 1 with normal CP should be used for range from low to medium SNR. For high SNR range, scale factor 2 with extended CP can be considered to handle the strong ISI and ICI in interference limited scenario where overhead of extended CP is totally compensated by the remarkable performance gain thanks to protection of longer CP.
Observation 3:
In terms of Doppler and delay spread, scale factor 1/2/4 will satisfy high frequency requirement of new RAT phase one when channel model of TDL A is considered.
Impact of phase noise
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]Phase noise is another factor that would be considered for the scale factor selection. Generally speaking, higher frequency means higher phase noise and then needs a larger scale factor (i.e. larger subcarrier spacing). However, 3GPP has not reached agreement on power spectrum density (PSD) of phase noise and different phase noise models will result in totally different conclusions on the scale factor selection [3][6][7]. Therefore, it is suggested that a model of phase noise PSD should be firstly discussed and agreed in RAN1 before the decision on scale factor is made.
Proposal 1: 
Agreement on phase noise model should be firstly made in RAN1 before the decision on scale factor is made.
Conclusions
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]In this contribution, we firstly compare different alternatives for the  basic numerology, i.e. alt1 and alt3 in terms of performance and the support of short subframes. After that, selection of scale factor is evaluated where impact of delay spread and Doppler is taken into account. The following observations are obtained
· Numerology alt3 shares the same performance as alt1.
· Numerology alt3 outperforms alt 1 in terms of supporting short TTI under the condition of larger delay spread.
· In terms of Doppler and delay spread, scale factor 1/2/4 will satisfy high frequency requirement of new RAT phase one when channel model of TDL A is considered.
Furthermore, the selection of scale factor is highly related to the model of phase noise PSD, therefore, it is suggested that RAN1 should firstly make an agreement on phase noise model before the decision on scale factor is made.
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Appendix
A1 Simulation Assumptions
Table A1 Simulation Assumptions
	
	ALT1
	ALT3

	Coding, modulation, etc
	LTE PDSCH 
	LTE PDSCH 

	Sampling rate (MHz)
	7.68
	7.68

	System BW (MHz)
	5
	5

	System DFT size
	2048/4
	1800/4

	Subcarrier spacing (kHz)
	15
	17.07

	CP duration (us)
	5.2/4.7 
	3.9 us

	Symbols per 1 ms subframe 
	14
	16

	Waveform
	CP-OFDM 

	Tx/Rx antennas 
	1 Tx / 2 Rx antennas
	1 Tx / 2 Rx antennas 

	Channel estimation 
	Genie-based

	# of used PRBs in frequency 
	10

	PRB pair
	12 subcarriers x 14 symbols 
	12 subcarriers x 16 symbols 

	subframe length (ms)
	1
	

	Control channel REs per TTI 
	0
	0

	RS per TTI 
	0
	0

	Carrier Frequency (GHz)
	4GHz, 30GHz

	Channel model 
	TDL A with DS = {10, 30, 100, 300, 1000},Speed: 3, 30 km/h 

	Link adaptation 
	Fixed resource allocaiton with MCS adaptation. OLLA enabled

	Performance metric 
	Spectral efficiency = Throughput/BWu , where BWu is the bandwidth for data transmission



[bookmark: _Ref450913665]A2 Simulation Results of Section 3.1
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[bookmark: _Ref450913107]Figure A1
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[bookmark: _Ref450913112]Figure A3
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