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1. Introduction
The NR access technology is required to support various use-cases/scenarios at various carrier frequencies [1]. In order to achieve high spectral efficiency with a reasonable complexity, the OFDM-based waveform would be a baseline design principle as in LTE in compliance with SID [1]. For a system using OFDM-based waveform, subcarrier-spacing, CP-length, number of OFDM symbols per TTI, and number of subcarriers per PRB, are fundamental and important factors in its design. In this contribution, we show our initial views on numerology for NR access technology.

2. Possible numerology parameters for NR access technology

The optimal subcarrier-spacing (f) and CP-length are different depending on its targeting scenario, e.g., carrier frequency (fc), system bandwidth, and/or UE moving speed,. In this study, possible f and CP-length should be identified at the very beginning since they would impact other aspects such as radio-frame structure and channel/signal/RS designs. For simplicity, scalable numerology parameters could be a starting point of the discussion, in which a particular set of f and CP-length is determined and linearly scaling it while keeping the number of OFDM symbol per TTI and CP overhead ratio constant (see Fig. 1). 
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Fig. 1
Scalable numerology parameters.
Two examples sets are given below.
Example set 1: Subcarrier-spacing linearly scaled from those for LTE

In the existing LTE, f=15kHz with 4.7us normal CP are generally used. If the LTE numerology is set as the baseline, multiple sets of numerology parameters can be generated by linearly scaling the f and TTI-length as given in Table I. In the sets of numerology parameters, CP-overhead ratio, the number of symbols per TTI, and the number of subcarriers per PRB, are identical so that the number of REs per TTI/PRB is identical among different numerologies. 

Table I

Numerology parameters linearly scaled from those for LTE
[image: image2.emf]Parameters Values

Subcarrier-spacing (

D

f )

15kHz 30kHz 60kHz 120kHz 240kHz

Symbol-length 66.67us 33.33us 16.67us 8.33us 4.17us

CP-length (normal/extended) 4.7us / 16.67us 2.34us / 8.33us 1.17us / 4.17us 0.586us / 2.083us 0.293us / 1.04us

No. of subcarriers 12 12 12 12 12

No. of symbols 14 / 12 14 / 12 14 / 12 14 / 12 14 / 12

TTI-length 1ms 0.5ms 0.25ms 0.125ms 0.0625ms


Example set 2: Subcarrier-spacing linearly scaled from a new value
Since the backward compatibility to LTE is not required for the NR access technology, any set of numerology parameters is allowed. Table II shows another example set, where the baseline f (16.875kHz) is defined such that that one TTI spans 1ms and comprises 16 OFDM symbols [2, 3]. As is the case with the example set 1, this baseline numerology can be linearly scaled to obtain other numerologies, where the CP-overhead ratio, the number of subcarriers per PRB, and the number of symbols per TTI are identical.
Table II

Numerology parameters linearly scaled from a new numerology parameter set
[image: image3.emf]Parameters Values

Subcarrier-spacing (

D

f )

16.875kHz 34.75kHz 67.5kHz 135kHz 270kHz

Symbol-length 59.26us 29.63us 14.81us 7.41us 3.70us

CP-length (normal/extended) 3.24us / 12.17us 1.62us / 6.08us 0.81us / 3.04us 0.41us / 1.52us 0.20us / 0.76us

No. of subcarriers 12 12 12 12 12

No. of symbols 16 / 14 16 / 14 16 / 14 16 / 14 16 / 14

TTI-length 1ms 0.5ms 0.25ms 0.125ms 0.0625ms


In terms of performance for different numerology parameters including f, either set of the above examples works well. However, assuming the NR is deployed in a real network, example set 1 (i.e., basing LTE numerology) has the benefit that the baseline numerology of the NR is perfectly aligned with that of LTE, and therefore the NR can co-exist with LTE on the same carrier or on the neighboring (contiguous) carrier. On the other hand, example set 2 (i.e., basing new numerology) has the benefit that the short-TTI having 1, 2, 4, or 8 symbols per TTI can easily be realized in the future (if necessary). However, regarding the number of OFDM symbols per TTI, since study for LTE latency reduction already tries to derive short-TTI from a normal TTI having 14 symbols, realizing such non-equal short-TTI for the NR may no longer be challenging. Therefore, our slight preference is to start with the example set 1. Since this assumption is for study, it is changeable in the future if necessary, e.g., during potential work item phase.
Proposal:

· Assume basic numerology linearly scaled from those for LTE as the starting point of numerology evaluation for the NR access technology.
3. Preliminary evaluation results
Subcarrier-spacing (f) and CP-length are the factors that are determined by physical characteristics of the communication environment, and should be studied/fixed at the beginning. In order to see whether the scalable numerology parameters perform well over a wide range of carrier frequencies, we conducted preliminary evaluations. The following three aspects are investigated with different subcarrier spacing (f) and CP-length [4].
- Impact of phase-noise

- Impact of CP-length

- Impact of Doppler frequency

Overall observations are presented in section 3.5.
3.1. Common parameters for evaluations
Table III shows a common set of parameters for three different simulations. Subcarrier-spacing (f) of 15kHz, 60kHz, and 120kHz, are evaluated unless otherwise stated. For fair comparison in terms of coding gain, same number of subcarriers/symbols per PRB/TTI is assumed for all the f, i.e., the bandwidth is assumed to be different. 
Table III
Common parameters for link-level simulations
[image: image4.emf]Parameters Values

Subcarrier-spacing (

D

f ) 15kHz 60kHz 120kHz

System bandwidth 10MHz 40MHz 80MHz

Number of OFDM symbols per TTI 14

Coding scheme Turbo coding

Number of transmit antennas 4

BS antenna modeling Cross polarized antenna

MIMO precoder Fixed precoding (no adaptation)

Channel model 3D-SCM

Number of receiver antennas 4

UE Rx antenna modeling Cross polarized antenna


3.2. Impact of phase-noise
At first, impact of phase-noise is investigated. In this evaluation, we use the phase-noise model adopted by IEEE 802.15.3c task group, which is represented by [2]
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where f is the offset frequency and K, fz, and fp are chosen as in Table IV. With the phase-noise modelling, power spectrum density of the phase noise can be illustrated in Fig. 2. As seen in the figure, as the carrier frequency (fc) becomes high, 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 wider f. 
Table IV
K, fz, and fp.
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Fig. 2
Power spectrum density of phase noise modelled by Eq. (1) and Table IV.
Under the above phase-noise model, achievable SNR for given fc and f is computed numerically and is plotted in Fig. 3. Thermal noise is not taken into account for calculating the SNR. From the figure, it can be observed that very high SNR is not achievable with narrower f at a high fc. For example, f=15kHz limits the SNR up to 27dB and 25dB for fc of 60GHz and 80GHz, respectively. For these carrier frequency fc, if SNR higher than 30dB is required, f of wider than 80kHz and 100kHz are necessary.
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Fig. 3
Achievable SNR.
Figure 4 shows the average BLER performances with the presence of phase-noise as a function of average received SNR (not including the phase-noise). In this evaluation, rank 4 with MCS index #26 is assumed. In order to see the impact of phase-noise only, we assume ideal channel estimation and sufficiently long CP.  

It is observed from Fig. 4 (a) that the phase-noise impact would be negligible at the fc=20GHz. As the f increases, required SNR for achieving BLER <= 10% can be reduced because of the frequency-diversity gain. Note that this is the result under the ideal channel estimation, and hence may not be true with realistic channel estimation, in which case the performance would highly depend on DMRS design.

Fig. 4 (b) – (d) shows that as the fc becomes high, the BLER performance degrades due to the phase-noise. Among three different f, BLER degradation can be smaller for wider f. Therefore, it can be said that the performance degradation can be mitigated by using wider f.
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(b) fc = 40GHz
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Fig. 4
Average BLER with the presence of phase-noise.
Based on the evaluation, required SNR degradation for achieving BLER=10% due to phase-noise is summarized in Fig. 5. It is observed that f=15kHz would work well when the fc is equal to or less than 40GHz. When the fc=60GHz, f=15kHz requires more than 2dB higher SNR; hence, 60kHz or wider f would be desirable. When the fc=80GHz, a subcarrier spacing of wider than 120kHz seems desirable.
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Fig. 5
Required SNR increase for achieving BLER=10% due to phase-noise.
Observation 1:

· The above preliminary evaluation results show that:

· Wider subcarrier-spacing can mitigate the impact of phase-noise and may improve the performance at higher carrier frequencies

· With the phase-noise modelled in this contribution, for rank 4 with MCS index #26, feasible subcarrier-spacing would be:
· Equal to or wider than 15kHz at carrier frequency <=40GHz

· Equal to or wider than 60kHz at carrier frequency 60GHz

· Equal to or wider 120kHz at carrier frequency 80GHz or beyond
3.3. Impact of CP-length
In this subsection, 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. Link-level simulation results of UE throughput performance as a function of received SNR are plotted in Fig. 6. In order to see the impact of CP-length, we assume ideal channel estimation. Rank 1 with MCS #5 or rank 4 with MCS #26 are selected, in which case the channel conditions are assumed to be UMa/NLoS and UMi/LoS, respectively.
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(a) f=15kHz, UMa/NLoS, Rank1, MCS#5
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(c) f=60kHz, UMa/NLoS, Rank1, MCS#5
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Fig. 6
UE throughput performance.
From the results, it is observed that CP-length would have marginal performance impact when f=15kHz. For wider f and for higher rank/MCS, ISI due to insufficient CP-length limits the achievable peak throughput. However, unnecessarily long CP becomes overhead and it also causes peak throughput degradation. As such, 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 also conducted a system-level simulation. In this simulation, we introduce an ISI model given by Fig. 7 and Eq. (2):
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Fig. 7
ISI model in the system-level simulation.


[image: image16.wmf]N

I

h

c

h

c

N

I

I

S

SINR

CCI

L

l

l

l

L

l

l

l

CCI

ISI

+

+

-

=

+

+

=

å

å

-

=

-

=

1

0

2

2

1

0

2

2

|

|

}

)

(

1

{

|

|

)

(

t

t

,




(2)

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:
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(3)

where hl and l denote the path gain and delay time of the l-th path, respectively. As a deployment, 7 hexagonal cells with 3 sectors per cell and ISD=500m are assumed. Detailed assumptions are given in Table V.

Table V
System-level simulation parameters for CP-length evaluation

[image: image18.emf]Parameters Values

Carrier frequency (f

c

) 6GHz

Subcarrier spacing (

D

f ) 15kHz 60kHz 120kHz

System bandwidth 10MHz 40MHz 80MHz

Deployment Scenario 3D-UMa (7 hexagonal cells, 3 sectors per cell, ISD = 500 m)

eNB antenna array structure 2D planar, cross-polarized (VxHxP = 2x8x2)

UE antenna array structure 4 Rx, Cross-polarized

Tx power 46 dBm

MIMO receiver MMSE-IRC

Scheduler Subband PF

HARQ Ideal timing with max. 4 re-transmisson

Traffic model FTP Model 1 with packet size 0.5 Mbytes (low 10%~15% RU)


The 5- and 50-percentile UE throughput are plotted in Fig. 8. It can clearly be seen that there exists a CP-length maximizing the 5-percentile and 50-percentile UE throughput for f=60kHz and 120kHz. The values would be around 0.5us – 1.0us for these f. 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.
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Fig. 8
CDF 5% and 50% UE throughput.
Note that any CP-length margin is not taken into account in the above evaluations.

Observation 2:

· The above preliminary evaluation results show that:

· For 15kHz subcarrier-spacing, CP-length has marginal performance impact.
· For 60kHz subcarrier-spacing, CP-length shorter than 2us offers good performance tradeoff
· For 120kHz subcarrier-spacing, CP-length shorter than 1us offers good performance tradeoff
3.4. Impact of Doppler frequency
In this subsection, impact of Doppler frequency for difference f is investigated. Figure 9 shows the required SNR for achieving BLER=10% as a function of Doppler frequency (UE speed) when f is 15kHz, 60kHz, and 120kHz, respectively. Unlike the previous evaluations, realistic channel estimation is assumed by using DMRS. The configuration of DMRS is similar to the existing LTE specification, i.e., 12REs/PB, 12REs/PRB, and 24REs/PRB for rank 1, 2, and 4, respectively, as illustrated in Fig. 9. MCS #5 and MCS #26 are selected, where the channel conditions for these cases are assumed to be UMa/NLoS and UMi/LoS. In order to see the impact of Doppler frequency only, we assume sufficiently long CP.  
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Fig. 9
DMRS mapping assumed in the evaluation.
Figure 10 (a) shows the performance of rank 1, 2, and 4 with MCS index #26, under the channel condition of SCM UMi/LoS, in which case frequency selectivity of propagation channel is relatively low. The figure shows that when Doppler frequency is low, wider f exhibits higher required SNR because of the sparser DMRS REs in frequency-domain for wider f. When f is 120kHz and rank 4 transmission, BLER=10 % cannot be achieved. As the Doppler frequency becomes higher, the required SNR becomes higher. However, with wider f is more robust against Doppler frequency. 

Figure 10 (b) shows the performance of rank 1, 2, and 4 with MCS index #5, under the channel condition of SCM UMa/NLoS, in which case frequency selectivity of propagation channel is relatively high. Similar to the results in Fig. 10 (a), when Doppler frequency is low, narrower f offers smaller required SNR. The difference in the required SNR is larger for MCS index #5 under UMa/NLoS compared to MCS index #26 under UMi/LoS. When f is 120kHz and rank 2 or 4 transmission, BLER=10 % cannot be achieved. Since the coding rate is lower, the performance degradation due to increased Doppler frequency is smaller than that in Fig. 10 (a).
The evaluation results indicate that wider subcarrier-spacing is useful not only to alleviate phase-noise impact, but also to support high mobility on lower carrier frequencies or moderate mobility on higher carrier frequencies. 
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Fig. 10
Required SNR for achieving the BLER=10 %.
Observation 3:

· The above preliminary evaluation results show that:

· Wider subcarrier-spacing is useful to support high mobility on lower carrier frequencies or moderate mobility on higher carrier frequencies. 
· For example, with rank 2 and MCS index #26, 60kHz subcarrier-spacing can keep almost same required SNR for up to 100km/h at fc=6GHz or 20km/h at fc=30GHz, while 15kHz subcarrier-spacing cannot achieve BLER=10% with 40km/h at fc=6GHz or 8km/h at fc=30GHz. 
· FFS DMRS mapping for different numerology parameters.

3.5. Overall observations from the preliminary evaluation results
Sections 3.2 and 3.4 indicate that subcarrier-spacing f wider than 15kHz is necessary for higher carrier-frequencies fc in order to alleviate the impact of phase-noise and/or to support high/moderate mobility. The phase-noise/Doppler frequency at higher carrier frequencies can be well compensated by wider subcarrier-spacing such as f = 60kHz and 120kHz. From section 3.3, it is observed that for subcarrier-spacing f = 60kHz and 120kHz, feasible CP-length is shorter than 2us and 1us, respectively. These values are well aligned with the CP-lengths for f=60kHz or 120kHz calculated by scaling the LTE numerology parameters, which is seen in Table I. As such, validity of scalable numerology parameters are observed by the simulation results.

Observation 4:

· Validity of the numerology parameters obtained by linearly scaling the LTE parameters is observed by the simulation results. 
4. Conclusion
In this contribution we show preliminary evaluation results regarding different subcarrier-spacing and present our initial views regarding possible numerology parameters for the NR access technology. We reached following proposal and observations.
Proposal:

· Assume basic numerology linearly scaled from those for LTE as the starting point of numerology evaluation for the NR access technology.
Observation 1:

· The above preliminary evaluation results show that:

· Wider subcarrier-spacing can mitigate the impact of phase-noise and may improve the performance at higher carrier frequencies

· With the phase-noise modelled in this contribution, for rank 4 with MCS index #26, feasible subcarrier-spacing would be:
· Equal to or wider than 15kHz at carrier frequency <=40GHz

· Equal to or wider than 60kHz at carrier frequency 60GHz

· Equal to or wider 120kHz at carrier frequency 80GHz or beyond
Observation 2:

· The above preliminary evaluation results show that:

· For 15kHz subcarrier-spacing, CP-length has marginal performance impact.
· For 60kHz subcarrier-spacing, CP-length shorter than 2us offers good performance tradeoff
· For 120kHz subcarrier-spacing, CP-length shorter than 1us offers good performance tradeoff
Observation 3:

· The above preliminary evaluation results show that:

· Wider subcarrier-spacing is useful to support high mobility on lower carrier frequencies or moderate mobility on higher carrier frequencies. 
· For example, with rank 2 and MCS index #26, 60kHz subcarrier-spacing can keep almost same required SNR for up to 100km/h at fc=6GHz or 20km/h at fc=30GHz, while 15kHz subcarrier-spacing cannot achieve BLER=10% with 40km/h at fc=6GHz or 8km/h at fc=30GHz. 
· FFS DMRS mapping for different numerology parameters.

 Observation 4:

· Validity of the numerology parameters obtained by linearly scaling the LTE parameters is observed by the simulation results. 
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