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Introduction
For the subcarrier spacing determination in the 5G NR, the following working assumptions were made in the 3GPP RAN1#85 meeting [1]:
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
Following to these working assumptions, the need for the scalability of subcarrier spacing up to 480 kHz (i.e., n = 5) is agreed in the 3GPP RAN1#86 meeting [2]: 
Agreements:
· NR numerology scalability should allow at least from [3.75 kHz] to480 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 [2]:
Agreements:
· Subframe duration in ms for a reference numerology with subcarrier spacing (2m*15)kHz is exactly 1/2m ms
Among the various deployment scenarios, some basic evaluation assumptions to the high speed scenario for Option 2 (30GHz, Macro + relay nodes) were agreed in the RAN1#85 meeting [2][3][4] and the following email discussion .
In this contribution, we discuss possible numerology parameter sets suitable for the NR high speed scenario Option 2 (30GHz, Macro + relay nodes) and provide a link-level performance comparison among them.
Numerology design for 5G NR
Effect of Doppler shift/spread
The mobility requirement of the 5G NR is 500 km/h [5]. In order to guarantee the quality-of-service (QoS) at that speed, the effects of Doppler shift and spread should be considered. In the TDL-D model which is selected for the evaluation of the 3GPP 5G NR high speed train scenario at a carrier frequency of 30 GHz [6], the signal propagating through the LOS path experiences Doppler shift while those propagating through the NLOS paths experience Doppler spread caused by Rayleigh scattering. Hence, a combination of Doppler shift and spread affects the link-level performances such as BLER and spectrum efficiency.
More specifically, if the channel varies within one OFDM symbol duration due to the reduced channel coherence time (i.e., the time duration during which the channel is considered invariant), the orthogonality among the subcarriers will be destroyed leading to intercarrier interference (ICI). It is known that the channel coherence time is inversely proportional to Doppler spread of the channel [8]. Moreover, the maximum Doppler shift is proportional to the carrier frequency [9]. Therefore, the degradation due to the Doppler shift/spread becomes more significant when higher frequency bands such as mmWave bands are used in addition to higher mobility.
Hence, it is important to find the suitable OFDM numerology parameters such as the subcarrier spacing and the corresponding OFDM symbol and CP durations.
Effect of phase noise
Oscillators used to up- or down-convert signals in the transmitters or receivers are subject to phase noise. An ideal oscillator is expected to have an impulse in the spectrum at the oscillation frequency. However, the spectrum of a practical oscillator tends to disperse from the impulse due to phase noise. Phase noise causes two types of effects on the received OFDM signal: common phase error and ICI [10]. The common phase error is equally added to every subcarrier within an OFDM symbol duration, resulting in a rotation of the entire constellation. Hence, the the amount of common phase error can be estimated and compensated at the receiver. Oppositely, the ICI exhibits AWGN-like behavior on the constellation which cannot be corrected or compensated.
The effect of phase noise is more significant for higher frequency bands such as mmWave bands compared with the lower frequency bands. It is quite challenging to implement an RF oscillator with low phase noise characteristics in mmWave bands. Yet, the performance degradation due to the phase noise can be alleviated by using larger subcarrier spacing [10]. Hence, the effect of phase noise should be considered in the determination of the subcarrier spacing.
The phase noise can be characterized by the single-sided phase noise power spectral density (PSD) in unit of dBc/Hz. The modeling of phase noise is device-specific and faces a trade-off between performance and implementation complexity. In this regard, several phase noise models were proposed in the 3GPP 5G NR study, and some of them were agreed to be used in the 5G system design and evaluation [11]. Figure 1 shows the examples of phase noise models for the carrier frequency of 30 GHz. The phase locked loop (PLL)-based model characterizes phase noise parameters of CMOS-based RF chain for UE and GaAs-based RF chain for eNodeB [12]. The multi-pole/zero model uses three poles and zeros to model practical oscillators [13]. The mmMagic model is also PLL-based but uses different RF parameters [14].
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[bookmark: _Ref463587608]Figure 1. Phase noise models for the carrier frequency of 30 GHz
Candidates of numerology parameters
Candidates of subcarrier spacing values
Under the above mentioned agreements on the scalability of subcarrier spacing, we consider the following scalable subcarrier spacing sets: {15, 30, 60, 120, 240, 480} kHz. Since our main concern is the eMBB use case in high speed scenario, the subcarrier spacing values lower than 15 kHz is not considered in this contribution.
Determination of fundamental OFDM parameters
The system bandwidth for the given 30 GHz carrier frequency band is set as 80 MHz [6]. In accordance with the scalable subcarrier spacing, we let the FFT size be scalable from 8192 (for the 15 kHz subcarrier spacing) to 256 (for the 480 kHz subcarrier spacing). By doing so, we can keep the same time-domain sampling rate among the numerology sets. In addition, assuming 10% guard band on the edges, the number of used subcarriers are set to be also scalable from 4800 to 150. The corresponding OFDM symbol lengths are from 66:67us to 2:08us.
Determination of CP length
The CP length of each numerology candidate is set as the same ratio as that of the LTE, i.e., 7.8% for the first OFDM symbol and 7.0% for the rest OFDM symbols. This easily enables the uncomplicated 5G NR-LTE interworking and subframe/slot boundary alignment. Note that although the CP overhead is maintained, the CP length is reduced as the subcarrier spacing becomes larger. This tendency can be related to the shortened cell radius and reduced delay spread by the use of higher frequency bands and directional antenna where larger subcarrier spacing is required.
Determination of Subframe length
The subframe length is scaled down from 1000us to 31.25us as the subcarrier spacing scales up from 15 kHz to 480 kHz. It is expected that the URLLC UEs are likely to use larger subcarrier spacing thereby satisfying fast scheduling and latency reduction requirements with the help of shortened TTI.
The above explained numerology parameters for the 5G NR are summarized in Table 1 were used in the numerology evaluation of the NR high speed scenario.
[bookmark: _Ref458781805]Table 1. 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 results
Simulation parameters
The link-level simulation parameters are summarized in Table 2. For the phase noise model, the multi-pole/zero model for 30 GHz is used [13]. In the simulation, the common phase errors are compensated.
[bookmark: _Ref458782256]Table 2. Link-level simulation parameters
	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-D (DS = 10ns, K-factor = 13.3 dB)

	Phase noise model
	Multi-pole/zero model [13]

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



BLER results
We plotted the BLER as a function of SNR for different subcarrier spacing () and MCS sets at the train speeds of 100, 300, and 500 km/h in Figure 2, Figure 3, and Figure 4, respectively.
As expected, it can be seen that the BLER is decreased when the SNR becomes higher but is increased when the higher modulation and coding rate are used. Also, we can see that the higher BLER is observed as the train runs faster, which is a direct result of the reduced channel coherence time and the corresponding Doppler-induced ICI.
In addition, it is shown that the BLER is shown to be remarkably degraded for shorter subcarrier spacing such as  and , especially for higher MCSs and faster train speeds. In an extreme environment such as 256QAM with code rate 3/4 and 500 km/h train speed, only subcarrier spacing values larger than 120 kHz will result in satisfactory BLER performances. In addition to the enhanced immunity to the Doppler shift/spread, the use of larger subcarrier spacing is more robust against the effect of phase noise in a high speed and high carrier frequency environment.
Observation 1: In the high speed scenario with 30 GHz carrier frequency, the BLER is shown to be remarkably degraded for shorter subcarrier spacing such as 15 kHz and 30 kHz. 
Observation 2: In an extreme environment such as 256QAM with code rate 3/4 and 500 km/h train speed, only subcarrier spacing values larger than 120 kHz will result in satisfactory BLER performance.




[bookmark: _Ref462418471]Figure 2. BLER vs. SNR for different subcarrier spacing and MCSs (Speed: 100 km/h)




[bookmark: _Ref462418474]Figure 3. BLER vs. SNR for different subcarrier spacing and MCSs (Speed: 300 km/h)




[bookmark: _Ref462418475]Figure 4. BLER vs. SNR for different subcarrier spacing and MCSs (Speed: 500 km/h)
Spectrum efficiency results
The spectrum efficiency provides a measure of how the proposed numerology helps efficiently utilize the available bandwidth. We plotted the spectrum efficiency as a function of SNR for different subcarrier spacing and MCS sets at the train speed of 100, 300, and 500 km/h in Figure 5, Figure 6, and Figure 7, respectively.
Overall, the performance trend is similar to that of BLER. The spectrum efficiency is degraded with higher train speed, shorter subcarrier spacing, and higher MCS set. It can be seen that the use of large subcarrier spacing () ensures satisfactory spectrum efficiency performance in most cases. 
Observation 3: In the high speed scenario with 30 GHz carrier frequency, the use of large subcarrier spacing () ensures satisfactory spectrum efficiency performance in most cases.
Proposal 1: In the NR numerology design, large subcarrier spacing values at least 120 kHz should be considered for the support of the high mobility in a carrier frequency of 30 GHz.




[bookmark: _Ref458815965]Figure 5. Spectrum efficiency vs. SNR for different subcarrier spacing and MCSs (Speed: 100 km/h)




[bookmark: _Ref458816821]Figure 6. Spectrum efficiency vs. SNR for different subcarrier spacing and MCSs (Speed: 300 km/h)




[bookmark: _Ref458815989]Figure 7. Spectrum efficiency vs. SNR for different subcarrier spacing and MCSs (Speed: 500 km/h)

Conclusion
In this contribution, we provided possible NR numerology candidates which were based on the working assumptions made in the RAN1#85 meeting and the agreements made in the RAN1#86 meeting. The link-level performance is evaluated through extensive simulations in the high speed deployment scenario with carrier frequency of 30 GHz. We found the followings.
Observation 1: In the high speed scenario with 30 GHz carrier frequency, the BLER is shown to be remarkably degraded for shorter subcarrier spacing such as 15 kHz and 30 kHz. 
Observation 2: In an extreme environment such as 256QAM with code rate 3/4 and 500 km/h train speed, only subcarrier spacing values larger than 120 kHz will result in satisfactory BLER performance.
Observation 3: In the high speed scenario with 30 GHz carrier frequency, the use of large subcarrier spacing () ensures satisfactory spectrum efficiency performance in most cases.
Proposal 1: In the NR numerology design, large subcarrier spacing values at least 120 kHz should be considered for the support of the high mobility in a carrier frequency of 30 GHz.
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