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Introduction
Regarding the NR numerology, the need for the scalability of subcarrier spacing up to 480 kHz (i.e., n = 5) is agreed in the 3GPP RAN1#86 meeting [1]: 
Agreements:
· NR numerology scalability should allow at least from [3.75 kHz] to 480 kHz subcarrier spacing 
· Necessity of support for less than 15 kHz subcarrier spacing  (e.g., 3.75 kHz) should be studied
· Note that scalability does not mean everything should be scalable (e.g., RS density, UE/gNB processing time, signalling overhead)
In addition, an agreement on the subframe duration was also made in the 3GPP RAN1#86 meeting [1]:
Agreements:
· Subframe duration in ms for a reference numerology with subcarrier spacing (2m*15)kHz is exactly 1/2m ms
In this contribution, we first present candidate numerology sets based on the above agreements for the carrier frequency bands 4 GHz and 30 GHz. The considered use case is the eMBB in the mid-to-high speed ranges (i.e. 100-500 km/h). We then discuss how the operating subcarrier spacing can be selected among the candidate sets based on the link-level simulation results.
Subcarrier spacing selection criterion
In an OFDM system, it is very important to select a proper value of the subcarrier spacing. Basically, the subcarrier spacing determines the OFDM symbol duration together with the cyclic prefix overhead ratio. Taking into account the time-frequency properties of the wireless channel, the basic principles of subcarrier spacing selection and the corresponding numerology design are to maintain the orthogonality among the subcarriers. Without guaranteeing the orthogonality, the intercarrier interference (ICI) will occur and link performance will be deteoriated. Lots of physical factors contribute to the orthogonality condition: channel delay spread, Doppler shift/spread, and phase noise [2].
In the frequency-domain, the orthogonality is preserved when the subcarrier spacing is shorter than the channel coherence bandwidth, i.e., . In the time-domain, the orthogonality among the subcarriers are guaranteed if the length of the OFDM symbol is shorter than the channel coherence time, or equivalently if the subcarrier spacing is larger than the inverse of the channel coherence time, i.e., . In addition, the phase noise also increases the ICI especially for the higher carrier frequency bands such as mmWave bands [3].
Given the above time-frequency channel properties, the amount of performance degradation due to the above mentioned loss of orthogonality is also affected by the following numerology parameters: fast Fourier transform (FFT) size, channel bandwidth, carrier frequency, and CP length. Hence, the baseline subcarrier spacing selection is to use shorter subcarrier spacing when the channel frequency selectivity is higher. On the other hand, larger subcarrier spacing should be used when the channel time selectivity is higher and/or a transceiver with higher phase noise power density is used.
Subcarrier spacing selection at 4 GHz band
Numerology parameter sets
Under the above mentioned agreements on the scalability of subcarrier spacing, we consider the following four subcarrier spacing sets: {15, 30, 60, 120} kHz. Since our main concern is the eMBB use case, the subcarrier spacing values lower than 15 kHz is not considered in this contribution. The numerology parameters for 4 GHz are summarized in Table 1.
[bookmark: _Ref458781805]Table 1. Possible numerology parameter sets for the carrier frequency of 4 GHz
	
	Set 1
	Set 2
	Set 3
	Set 4

	Subcarrier spacing (kHz)
	15
	30
	60
	120

	System bandwidth (MHz)
	20
	20
	20
	20

	FFT size
	2048
	1024
	512
	256

	Sampling rate (MHz)
	30.72
	30.72
	30.72
	30.72

	Number of used subcarriers 
	1200
	600
	300
	150

	OFDM symbol length (us)
	66.67
	33.33
	16.67
	8.33

	CP length of the 1st symbol (us)
	6.15
	3.29
	1.86
	1.14

	CP length of the remaining symbols (us)
	4.65
	2.31
	1.14
	0.55

	Number of symbols per subframe
	14
	14
	14
	14

	Subframe length (us)
	1000
	500
	250
	125


Simulation parameters
The link-level simulation parameters for the subcarrier spacing selection at frequency band 4 GHz is given in Table 2.
[bookmark: _Ref462998619]Table 2. Link-level simulation parameters for the carrier frequency of 4 GHz
	Parameter
	Value

	Carrier frequency
	4 GHz

	System bandwidth
	20 MHz

	Channel coding
	LTE Turbo

	MCS
	16QAM 2/3, 64QAM 3/4, 256QAM 3/4

	Number of layers
	1

	Control channel
	None

	Channel estimation
	Ideal

	Equalizer
	LMMSE

	Channel model
	TDL-A (10ns, 30ns), TDL-C (300ns, 1000ns), TDL-D (10ns, 100ns with K-factor = 13.3 dB)

	UE speed
	{100, 300, 500} km/h


Simulation-based subcarrier spacing comparison results
We plotted the spectrum efficiency as a function of subcarrier spacing for different modulation and coding scheme (MCS) sets at the UE speeds of {100, 300, 500} km/h in Figure 1 (TDL-A with DS = 10ns and 30ns), Figure 2 (TDL-C with DS = 300ns and 1000ns), and Figure 3 (TDL-D with DS = 10ns and 100ns). 
As expected, it can be seen that shorter subcarrier spacing is advantageous for the channel with large delay spread such as TDL-C with DS = 300ns and 1000ns. On the other hand, large subcarrier spacing is beneficial for the channels with short delay spread especially at the speed of 500km/h.
More specifically, for the TDL-A model, subcarrier spacing values 30, 60, and 120 kHz achieves satisfactory spectrum efficiency for most MCSs up to speed of 500 km/h. For the TDL-C models, shorter subcarrier spacing values either 15 or 30 kHz can be used depending on the MCS and the speed. For the TDL-D models, 30 or 60 kHz well performs for most cases.
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Figure 1. Spectrum efficiency vs. Subcarrier spacing for TDL-A model at 4 GHz band: a) DS = 10ns; b) DS = 30ns.
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Figure 2. Spectrum efficiency vs. Subcarrier spacing for TDL-C model at 4 GHz band: a) DS = 300ns; b) DS = 1000ns.

	[image: ]
(a)
	[image: ]
(b)


Figure 3. Spectrum efficiency vs. Subcarrier spacing for TDL-D model at 4 GHz band: a) DS = 10ns; b) DS = 100ns.
Observation 1: At the 4 GHz frequency band, the following subcarrier spacing values can be used without severe performance loss.
	Channel type
	DS
	Acceptable subcarrier spacing values (kHz)

	
	
	Speed = 100km/h
	Speed = 300km/h
	Speed = 500km/h

	TDL-A
	10ns
	15, 30, 60, 120
	15, 30, 60, 120
	30, 60, 120

	
	30ns
	15, 30, 60, 120
	15, 30, 60, 120
	30, 60, 120

	TDL-C
	300ns
	15, 30
	15, 30
	30

	
	1000ns
	15
	15
	15

	TDL-D
	10ns
	15, 30, 60, 120
	15, 30, 60, 120
	30, 60, 120

	
	100ns
	15, 30, 60
	15, 30, 60
	15, 30, 60


Subcarrier spacing selection at 30 GHz band
Numerology parameter sets
For the 30 GHz carrier frequency, we consider the following six subcarrier spacing sets: {15, 30, 60, 120, 240, 480} kHz in order to tackle the increased effects of Doppler shift/spread and phase noise which are significant in higher frequency bands.
Table 3. Possible numerology parameter sets for the carrier frequency of 30 GHz
	
	Set 1
	Set 2
	Set 3
	Set 4
	Set 5
	Set 6

	Subcarrier spacing (kHz)
	15
	30
	60
	120
	240
	480

	System bandwidth (MHz)
	80
	80
	80
	80
	80
	80

	FFT size
	8192
	4096
	2048
	1024
	512
	256

	Sampling rate (MHz)
	122.88
	122.88
	122.88
	122.88
	122.88
	122.88

	Number of used subcarriers 
	4800
	2400
	1200
	600
	300
	150

	OFDM symbol length (us)
	66.67
	33.33
	16.67
	8.33
	4.17
	2.08

	CP length of the 1st symbol (us)
	6.05
	3.08
	1.54
	0.82
	0.46
	0.28

	CP length of the remaining symbols (us)
	4.66
	2.33
	1.16
	0.58
	0.28
	0.14

	Number of symbols per subframe
	14
	14
	14
	14
	14
	14

	Subframe length (us)
	1000
	500
	250
	125
	62.5
	31.25


Simulation parameters
The link-level simulation parameters are summarized in Table 4. For the phase noise model, the multi-pole/zero model for 30 GHz is used [13]. In the simulation, the frequency offset due to the Doppler shift and common phase errors due to the phase noise are compensated.
[bookmark: _Ref458782256]Table 4. Link-level simulation parameters for the carrier frequency of 30 GHz
	Parameter
	Value

	Carrier frequency
	30 GHz

	System bandwidth
	80 MHz

	Channel coding
	LTE Turbo

	MCS
	16QAM 2/3, 64QAM 3/4, 256QAM 3/4

	Number of layers
	1

	Control channel
	None

	Channel estimation
	Ideal

	Equalizer
	LMMSE

	Channel model
	TDL-A (10ns, 30ns), TDL-C (300ns, 1000ns), TDL-D (10ns, 100ns with K-factor = 13.3 dB)

	Phase noise model
	Multi-pole/zero model [4]

	UE speed
	{100, 300, 500} km/h



Simulation-based subcarrier spacing comparison results
We plotted the spectrum efficiency as a function of subcarrier spacing for different MCS sets at the UE speeds of {100, 300, 500} km/h in Figure 4 (TDL-A with DS = 10ns and 30ns), Figure 5 (TDL-C with DS = 300ns and 1000ns), and Figure 6 (TDL-D with DS = 10ns and 100ns), similar to the 4 GHz results. Compared to that for the 4 GHz band, higher subcarrier spacing values are more effective in achieving higher spectrum efficiency. Note that in a very severe channel environment with large delay and Doppler spreads such as TDL-C with DS = 1000ns and {300, 500} km/h speed, robust modulation schemes such as 16QAM achieves higher spectrum efficiency than 64QAM and 256QAM.
	[image: ]
(a)
	[image: ]
(b)


[bookmark: _Ref463061632]Figure 4. Spectrum efficiency vs. Subcarrier spacing for TDL-A model at 4 GHz band: a) DS = 10ns; b) DS = 30ns.
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[bookmark: _Ref463061633]Figure 5. Spectrum efficiency vs. Subcarrier spacing for TDL-C model at 4 GHz band: a) DS = 300ns; b) DS = 1000ns.
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[bookmark: _Ref463061634]Figure 6. Spectrum efficiency vs. Subcarrier spacing for TDL-D model at 4 GHz band: a) DS = 10ns; b) DS = 100ns.
Observation 2: At the 30 GHz frequency band, the following subcarrier spacing values can be used without severe performance loss.
	Channel type
	DS
	Acceptable subcarrier spacing values (kHz)

	
	
	Speed = 100km/h
	Speed = 300km/h
	Speed = 500km/h

	TDL-A
	10ns
	60, 120, 240, 480
	120, 240, 480
	240, 480

	
	30ns
	60, 120, 240, 480
	120, 240, 480
	240, 480

	TDL-C
	300ns
	30, 60
	60, 120
	120

	
	1000ns
	30
	60
	60

	TDL-D
	10ns
	30, 60, 120, 240, 480
	60, 120, 240, 480
	120, 240, 480

	
	100ns
	15, 30, 60, 120, 240
	30, 60, 120, 240
	60, 120, 240


Based upon the above observations, we obtain the following proposal:
Proposal 1: In the NR study, the effect of the subcarrier spacing on the spectrum efficiency should be considered.
Conclusion
In this contribution, we provided candidate numerology sets and evaluated the link-level performance in order to find the suitable subcarrier spacing values for the considered channel model, MCS, and mobility scenarios. Throughout extensive link-level simulations both at the 4 GHz and 30 GHz frequency bands, we found the followings.
Observation 1: At the 4 GHz frequency band, the following subcarrier spacing values can be used without severe performance loss.
	Channel type
	DS
	Acceptable subcarrier spacing values (kHz)

	
	
	Speed = 100km/h
	Speed = 300km/h
	Speed = 500km/h

	TDL-A
	10ns
	15, 30, 60, 120
	15, 30, 60, 120
	30, 60, 120

	
	30ns
	15, 30, 60, 120
	15, 30, 60, 120
	30, 60, 120

	TDL-C
	300ns
	15, 30
	15, 30
	30

	
	1000ns
	15
	15
	15

	TDL-D
	10ns
	15, 30, 60, 120
	15, 30, 60, 120
	30, 60, 120

	
	100ns
	15, 30, 60
	15, 30, 60
	15, 30, 60


Observation 2: At the 30 GHz frequency band, the following subcarrier spacing values can be used without severe performance loss.
	Channel type
	DS
	Acceptable subcarrier spacing values (kHz)

	
	
	Speed = 100km/h
	Speed = 300km/h
	Speed = 500km/h

	TDL-A
	10ns
	60, 120, 240, 480
	120, 240, 480
	240, 480

	
	30ns
	60, 120, 240, 480
	120, 240, 480
	240, 480

	TDL-C
	300ns
	30, 60
	60, 120
	120

	
	1000ns
	30
	60
	60

	TDL-D
	10ns
	30, 60, 120, 240, 480
	60, 120, 240, 480
	120, 240, 480

	
	100ns
	15, 30, 60, 120, 240
	30, 60, 120, 240
	60, 120, 240


Based upon the above observations, we obtain the following proposal:
Proposal 1: In the NR study, the effect of the subcarrier spacing on the spectrum efficiency should be considered.
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