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1. Introduction
At the RAN1#85 meeting, following working assumptions and agreements were achieved [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

Working assumption:
· In the case of subcarrier spacing 15 kHz and 14 symbols per 1ms, the following applies:
· Baseline: Symbol boundary is aligned with LTE of normal CP

Agreements:
· For the numerology with 15 kHz and larger subcarrier spacing ,1 msec alignment is supported

Agreements:
· Companies should use following PN model principles for evaluation of NR for above 6GHz
· Phase noise model for UE should be considered for the evaluation by default.
· Implementation cost, complexity and power consumption at the UE should be taken into account.
· The PN modelling in TRP is FFS.
· Realistic PN model should consider total oscillator PSD including the impact of reference clock, loop filter noise and VCO sub-components. (e.g. PLL-based model, multi-pole/zero model)
· Each company should provide the model and the parameters used for the evaluation.
· The oscillator PSD level increases by 20dB per decade of increase of the carrier frequency as a baseline to scale PSD level
· A different parameter set of phase noise model can be defined for specific target frequency.
· Companies are encouraged to provide link level evaluation result with the phase noise model. Following phase noise models are provided as examples which are captured in R1-165685 (in page 5 – 8) 
· UE model in R1-164041
· Proposed WF in R1-165005 
· Model A in R1-163984
· mmMAGIC high and low model
· Other phase noise model is not precluded.
· Companies should provide which phase noise model is applied for the evaluation. 



In this contribution, we present simulation results regarding necessary subcarrier-spacing and CP-length, and show our views on these parameters for NR.

2. Necessary subcarrier-spacing at higher carrier frequencies for NR
We conducted link-level simulations to evaluate necessary subcarrier-spacing for higher carrier frequencies under the presence of phase-noise. The parameters for this evaluation are summarized in Table 1. Three phase noise models from the RAN1#85 agreement are selected. Ideal CPE compensation is assumed in the evaluations, but realistically, reference signal to estimate CPE for each symbol would be required.
Table 1.	Link-level simulation assumptions/parameters.
	Parameter
	Value

	Carrier frequency
	28GHz, 39GHz, 70GHz

	Subcarrier-spacing
	15kHz
	60kHz
	120kHz
	240kHz
	480kHz
	960kHz

	Bandwidth
	10MHz
	40MHz
	80MHz
	160MHz
	320MHz
	640MHz

	Number of PRBs
	50

	Number of OFDM symbols
	14

	Antenna configuration
	4-by-4

	Precoding scheme
	Random precoding

	Number of MIMO layers
	2 and 4 for 28GHz and 39GHz, 1 and 2 for 70GHz

	MCS
	26 (64QAM), 15 (16QAM)

	Channel model
	CDL-B, Street canyon, Normal delay spread

	Channel estimation
	Ideal

	CPE compensation
	Ideal

	UE speed
	0km/h

	Evaluated phase-noise models
	Model 1: UE model in R1-164041
Model 2: Proposed WF in R1-165005
Model 3: Model A in R1-163984



The power spectrum densities of the modelled phase-noise are illustrated in Fig. 1. Among three models, phase-noise model 1 has higher power spectrum density at higher offset frequency region, e.g., higher than 200kHz, while phase-noise model 2 and 3 have similar shapes. Comparing Fig. 1 (a) – (c), as the carrier frequency (fc) is higher, phase-noise level increases. In order to reduce the impact of phase-noise, larger frequency separation is effective. In other words, the phase-noise impact at high fc can be mitigated by widening subcarrier-spacing (f).
[image: ][image: ]
(a) fc = 28GHz					(b) fc = 39GHz
[image: ]
(c) fc = 70GHz
Fig. 1	Power spectrum density of phase noise models evaluated in this contribution.

Actual BLER depends on MCS, RS design, number of layers, channel models, and so on. Therefore, it is beneficial to observe achievable SNRs (signal power-to-PN power ratio) with the presence of phase-noise for given fc and f before looking at the BLER performance. These are computed numerically and are plotted in Fig. 2. Thermal noise is not taken into account for calculating the SNR. From the figure, it can be observed that the achievable SNR is limited due to the phase-noise with narrower f at a high fc. In order to improve the achievable SNR, wider f is effective. It is also observed that achievable SNR is highly depending on phase-noise model. For example, SNR of 30dB is achievable at fc=28GHz with f of around 700kHz, 150kHz, and 180kHz, under the presence of phase-noise model 1, model 2, and model 3, respectively. However, since the cut-off frequencies of all the phase-noise models are higher than 100kHz (see Fig. 1), f<=100kHz cannot offer much difference in terms of achievable SNR, irrespective of the phase-noise model and carrier frequency fc.
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(a) Model 1					(b) Model 2
[image: ]
(c) Model 3
Fig. 2	Achievable signal-to-PN power ratio for given phase-noise model, fc, and f.

The average BLER performances for given fc, f, and phase-noise model, as a function of average received signal-to-noise power ratio (SNR, where noise power here denotes AWGN power), are evaluated. Based on the evaluation results, required SNR increase due to phase-noise for achieving BLER=10% are plotted in Fig. 3 for f of 15kHz ~ 960kHz. In the figures, large difference in required SNR is observed between phase-noise model 1 and model 2/3. For a given phase-noise model and fc, subcarrier-spacing f, MIMO rank, and MCS index have significant impact on the requires SNR. This implies that in order to identify necessary subcarrier-spacing f for a given carrier frequency, target rank value and MCS level should also be identified.
For MCS = 26 with rank 2 at fc=28GHz and 39GHz, under any phase-noise modelling, performance degradation is not much significant, i.e., less than 1dB. Furthermore, f = 60kHz and 120kHz do not change the performance compared to f=15kHz (see Fig. 3 (a) and (c)). For MCS = 26 with rank 4 at fc=28GHz and 39GHz, under phase-noise model 2 and 3, f =120kHz or 240kHz is necessary to suppress required SNR increase within 1dB. Note that in these evaluations, ideal CPE compensation is assumed. Under realistic CPE estimation and compensation, the required SNR increase would be even higher. 
For MCS = 15, with any rank values and at any carrier frequency among 28GHz, 39GHz, and 70GHz, the performance degradation due to phase-noise can be limited for up to 0.6dB.  
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(a) fc = 28GHz, Rank 2, MCS = 26				(b) fc = 28GHz, Rank 4, MCS = 26
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(c) fc = 39GHz, Rank 2, MCS = 26				(d) fc = 39GHz, Rank 4, MCS = 26
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(e) fc = 70GHz, Rank 1, MCS = 26				(f) fc = 70GHz, Rank 2, MCS = 26
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(g) fc = 28GHz, Rank 2, MCS = 15				(h) fc = 28GHz, Rank 4, MCS = 15
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(i) fc = 39GHz, Rank 2, MCS = 15				(j) fc = 39GHz, Rank 4, MCS = 15
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(k) fc = 70GHz, Rank 1, MCS = 15				(l) fc = 70GHz, Rank 2, MCS = 15
Fig. 3		Required SNR increase in dB by the phase noise for achieving BLER=10%.

Assuming phase-noise model 2 and 3 are feasible assumptions, and up to MCS = 26 with rank 4 is required for carrier frequency of up to fc=40GHz, the necessary maximum subcarrier-spacing could be f=240kHz or 480kHz. For other cases such as MCS = 15 or rank 2, the performance degradation due to phase-noise would not be significant. Note that only receiver side phase-noise is assumed in these evaluations, and CPE of the phase-noise is assumed to be compensated ideally. 
Observation 1:
· For MCS = 26 with rank 2 at carrier frequency of up to 40GHz, required SNR increase for BLER = 10% due to phase-noise could be up to 1dB.
· For MCS = 26 with rank 4 at carrier frequency of up to 40GHz, required SNR increase for BLER = 10% due to phase-noise could be up to 1dB by using subcarrier-spacing of 240kHz or 480kHz.
· For MCS = 15 with any rank at carrier frequency of up to 40GHz, required SNR increase for BLER = 10% due to phase-noise could be up to 0.6dB. 

3. Necessary CP-length at dense urban deployment scenario
In this section, impact of CP-length on UE throughput for different f is investigated. In general, there is a trade-off between CP overhead increase and ISI mitigation impact. Optimal CP-length in terms of UE throughput highly depends on the channel condition and selected rank/MCS which are varying with UE location. In order to take into account the rank/MCS selection under a particular system environment, we conducted a system-level simulation. In this simulation, we introduce an ISI model given by Fig. 4 and Eq. (1):
[image: ]
Fig. 4	ISI model in the system-level simulation.


,					(1)
where S, IISI, ICCI, and N denotes the received signal power, ISI power caused by insufficient CP-length, co-channel interference power, and noise power, respectively, with c(l) being represented by:

,					(2)
where hl and l denote the path gain and delay time of the l-th path, respectively. As a deployment, 19 hexagonal cells with 3 sectors per cell and ISD=500m are assumed. Detailed assumptions are given in Table 2.
Table 2		System-level simulation parameters for CP-length evaluation
	Parameter
	Value

	Carrier frequency
	4GHz

	Subcarrier-spacing
	15kHz
	60kHz
	120kHz
	240kHz
	480kHz
	960kHz

	Bandwidth
	10MHz
	40MHz
	80MHz
	160MHz
	320MHz
	640MHz

	Deployment scenario
	3D-UMa (19 hexagonal cells, 3 sectors per cell, ISD = 500m)
20% outdoor UE (30km/h)
80% indoor UE (3km/h)

	eNB antenna array structure
	2D planar, cross-polarized (V x H x P = 8 x 2 x 2)

	UE antenna array structure
	4Rx, cross-polarized

	Tx power
	46dBm

	MIMO receiver
	MMSE-IRC

	Scheduler
	Subband PF

	HARQ
	Ideal timing with maximum 4 re-transmissions

	Traffic model
	FTP Model 1 with packet size 0.5Mbytes (10%~11% RU)



The 5- and 50-percentile UE throughput are plotted in Fig. 5. Star mark for each f represents the CP-length derived from linear scaling of LTE CP-length, i.e., CP-ratio 6.6% of symbol-length. For f=15kHz, the impact of CP-length on 5% and 50% UE throughput is marginal since the symbol length is much longer than CP-length. As the value of f becomes large, the trade-off between ISI increase by shortening CP-length, and CP overhead increase by prolonging CP-length, becomes visible. For up to f=480kHz, the CP-ratio 6.6% of symbol-length would strike the good balance between the two factors and hence offer almost the best UE throughput. For f=960kHz, CP-ratio 6.6% of symbol-length is slightly shorter than the best length. However, the degradation is not significant. In general, f=960kHz which corresponds to the symbol-length of 0.1us would not be appropriate for the operation of ISD=500m and lower carrier frequency such as fc=4GHz and hence, optimizing  CP-length for this case would be a questionable approach. Therefore, it can be said that CP-length derived from fixing CP-overhead ratio (6.6%, same as in LTE) for different value of f would work, at least for typical use-cases such as urban macro, dense urban, and further smaller coverage cases. If a necessity of longer CP is identified, extended-CP based frame structure should be considered.
[image: ]	[image: ]
Fig. 8	CDF 5% and 50% UE throughput.

Observation 2:
· Same CP ratio as in LTE for different subcarrier-spacing would would work at least for typical NR deployment scenarios such as urban macro, dense urban, and further smaller coverage cases.
· If a necessity of longer CP is identified, extended-CP based frame structure should be considered.

4. Conclusion
In this contribution, we present simulation results regarding necessary subcarrier-spacing and CP-length. Based on the evaluations, we made following observations:
Observation 1:
· For MCS = 26 with rank 2 at carrier frequency of up to 40GHz, required SNR increase for BLER = 10% due to phase-noise could be up to 1dB.
· For MCS = 26 with rank 4 at carrier frequency of up to 40GHz, required SNR increase for BLER = 10% due to phase-noise could be up to 1dB by using subcarrier-spacing of 240kHz or 480kHz.
· For MCS = 15 with any rank at carrier frequency of up to 40GHz, required SNR increase for BLER = 10% due to phase-noise could be up to 0.6dB. 
Observation 2:
· Same CP ratio as in LTE for different subcarrier-spacing would would work at least for typical NR deployment scenarios such as urban macro, dense urban, and further smaller coverage cases.
· If a necessity of longer CP is identified, extended-CP based frame structure should be considered.
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