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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 [2]. At the RAN1#84bis meeting, following agreements were achieved.
	Agreements:
· For NR, it is necessary to support more than one values of subcarrier-spacing
· Values of subcarrier-spacing are derived from a particular value of subcarrier-spacing multiplied by N where N is an integer
· Alt.1: Subcarrier-spacing values include 15 kHz subcarrier-spacing (i.e., LTE based numerology)

· Alt.2: Subcarrier-spacing values include 17.5 kHz subcarrier-spacing with uniform symbol duration including CP length

· Alt.3: Subcarrier-spacing values include 17.06 kHz subcarrier-spacing with uniform symbol duration including CP length

· Alt.4: Subcarrier-spacing values 21.33 kHz

· Note: other alternatives are not precluded

· FFS: exact value of a particular value and possible values of N
· The values of possible subcarrier-spacing will be further narrowed-down in RAN1#85
· Companies are encouraged to provide detailed analysis and input the views in the following table
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Agreements:
· RAN1 will continue further study and conclude between following alternatives in the next meeting

- Alt. 1:

· The subcarrier spacing for the NR scalable numerology should scale as

· fsc = f0 * 2m
· where

· f0 is FFS

· m is an integer chosen from a set of possible values

- Alt. 2:

· The subcarrier spacing for the NR scalable numerology should scale as

· fsc = f0 * M

· where

· f0 is FFS

· M is an integer chosen from a set of possible positive values

· All companies are requested to analyze/evaluate following aspects

· Realistic phase noise

· How each alternative allows mixing different numerologies

· All companies are requested to propose exact values of 

· f0, m, and M


In this contribution we discuss possible numerology parameter sets for NR.
2. Possible values of subcarrier-spacing
2.1. 15kHz family vs 2n-symbol family
Two families of subcarrier-spacing (f) were extensively discussed in RAN1#84bis; the first family is based on f=15kHz, while the other is intended to include 2n symbols within a 1ms duration. For 2n-symbol family, multiple values of baseline f were proposed; 17.5kHz, 17.06kHz, and 21.33kHz. Since 15kHz and 17-22kHz subcarrier-spacing would offer quite similar performance in normal use-cases, some specific use-cases should be considered for comparison, e.g., LTE co-existence, extended CP (ECP), and/or TTI shortening.
Regarding LTE co-existence, there is no doubt that NR with 15kHz family has a perfect commonality with LTE. Multiplexing OFDM symbols having different subcarrier-spacing (i.e., different symbol-length) within a FFT time-interval requires a certain guard band in-between. Therefore, from efficiency point of view, 15kHz subcarrier-spacing has an advantage on this aspect.

Regarding ECP, introduction of ECP would basically have no different impact on 15kHz family and 2n-symbol family. If the ECP is realized by reducing the number of symbols while to increase the CP overhead ratio, for 2n-symbol family, factor ‘2n’ would be broken. Another way to realize ECP that was discussed in RAN1#84bis is to make the subcarrier-spacing half with fixing CP overhead ratio. For example, if f=17.5kHz and 16-symbol per the time-interval (e.g., NR subframe) for normal CP, then f=8.75kHz and 8-symbol per given time-interval (e.g., NR subframe) can realize longer-CP, while the CP overhead ratio being unchanged. This approach is also applicable to 15kHz family as long as the number of symbols per the time-interval (e.g., NR subframe) is even.
Regarding TTI shortening, two ways can be considered; shorter symbol-length by widening f (with keeping the number of symbols), or reducing the number of symbols. Since low latency use-case (e.g., URLLC) may require higher mobility and sufficient connection robustness, lower carrier frequency and wider coverage deployment would be preferable. Hence, widening f may not be an optimal approach for reducing latency. Instead, reducing the number of symbols would be simple and good approach. However, even in this case, 15kHz family works. It may require some additional specification text because of unequal number of symbols per short time interval, but is not harmful from both performance and forward compatibility point of views. 
In summary, still no strong concern is found on 15kHz family.

2.2. f0*2m vs f0*M
The next question is whether the multiple subcarrier-spacing are realized by multiplying 2m or M to the basic subcarrier-spacing f0. In order to consider the necessary granularity of subcarrier-spacing values, we investigate the impact of phase-noise. In this evaluation, we assume three types of phase-noise model, where the models are based on the following equation defined in IEEE 802.15.3c task group [3]
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where f is the offset frequency, and K, fz, and fp for each model are presented in Tables I. The resultant power spectrum densities of the modelled phase-noise are illustrated in Fig. 1. As seen in the figure, 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 f. 
Table I
K, fz, and fp.
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(a) Model 1




(b) Model 2
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(c) Model 3
Fig. 1
Power spectrum density of phase noise modelled by Eq. (1) and Table I.

Under the above phase-noise models, achievable SNRs (signal power-to-PN power ratio) for given fc and f 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=39GHz with f of around 15kHz, 240kHz, and 960kHz under the presence of phase-noise model 1, model 2, and model 3, respectively.
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(a) Model 1




(b) Model 2
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(c) Model 3
Fig. 2
Power spectrum density of the phase noise model.
In general, the power spectrum density of phase-noise in dBc/Hz is almost linearly decreased as the offset frequency increases exponentially [4], [5], [6], [7]. In other words, increase of achievable SNR by doubling f is not exponential (but linear) in dB. This can be observed in Fig. 2; for example, the achievable SNR difference between f=240kHz and 480kHz is around 2dB, 2dB, and 1.8dB, respectively. The achievable SNR difference between f=60kHz and 120kHz is smaller than these values. Finer granularity would not be necessary in possible values of subcarrier-spacing.
In order to see the actual demodulation performance impact of phase-noise, average BLER performances under the presence of phase-noise are evaluated as a function of average received SNR (here, SNR calculation does not take into account the phase-noise). All three phase-noise models presented in Table I are assumed. 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. Detailed evaluation assumptions are given in the following Table II.

Table II

Assumptions for phase-noise evaluation

[image: image10.emf]Parameter Value

Carrier Freq.  6 GHz / 39 GHz / 70GHz

Subcarrier spacing 15kHz 60 kHz 120 kHz …

System bandwidth 10 MHz 40 MHz 80MHz …

Num.of RBs 50

Num.of OFDMsymbols 14

Antennaconfiguration 4-by-4

Transmissionmode TM 9 (random precoding)

DMRS configuration LTE base withoutCRS

Num. of layers 4

MCS #26

CFI 1

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

Channel est. Ideal channel estimation

UE speed 0 km/h


It is observed from Fig. 3 (a), Fig. 4 (a), and Fig. 5 (a), that the phase-noise impact would be negligible at the fc=6GHz regardless of which phase-noise model is assumed. 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.

At the fc=39GHz, BLER performance degrades due to the presence of phase-noise. However, the impact of phase-noise is highly dependent on exact phase-noise model. Especially with phase-noise model 2 or 3, the BLER performance degradation is quite significant. Even f of 120kHz is no longer effective.
[image: image11.emf]1.E-02

1.E-01

1.E+00

22 24 26 28 30 32 34 36

BLER

SNR(dB)

PNmodel1

fc=6GHz

15kHz

60kHz

120kHz

w/ PN w/o PN


(a) fc=6GHz
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(b) fc=39GHz





(c) fc=70GHz
Fig. 3
Average BLER performance under the presence of phase-noise model 1.
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(a) fc=6GHz
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(c) fc=70GHz
Fig. 4
Average BLER performance under the presence of phase-noise model 2.
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(a) fc=6GHz
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(c) fc=70GHz
Fig. 5
Average BLER performance under the presence of phase-noise model 3.
Further wider subcarrier-spacing is also evaluated. In Fig. 6, required SNR increase due to phase-noise for achieving BLER=10% are plotted for f of 15kHz ~ 3840kHz. Even with the phase-noise model 2 and 3, very wide subcarrier-spacing such as 960kHz or more can alleviate the impact of phase-noise at the carrier frequency of 39GHz. At 70GHz, subcarrier-spacing wider than 1MHz subcarrier-spacing seems necessary to suppress SNR increase, e.g., less than 2dB.
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Fig. 6
Required SNR increase due to phase-noise for achieving BLER=10%.
Note that the impact of phase-noise is highly different depending on the number of layers, MCS level, etc. Figure 7 show the required SNR increase for BLER = 10% when 2-layers is assumed. Other evaluation parameters are not changed from Table II. As can be observed from the figure, performance degradation due to phase-noise is smaller compared to the case of 4 layers (Fig. 6), and wider subcarrier-spacing can suppress its impact. At the carrier frequency of 39GHz for example, subcarrier-spacing of 120kHz or 240kHz can achieve less than 0.5dB degradation.
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Fig. 6
Required SNR increase due to phase-noise for achieving BLER=10% (2-layers).
As can be clearly observed in Fig. 6 and Fig. 7, for carrier frequencies where the phase-noise is a problem, subcarrier-spacing difference of 15kHz would not have a big difference; for example, if subcarrier-spacing of 15kHz or 60kHz cannot resolve the impact of phase-noise, much wider subcarrier-spacing such as 120kHz, 240kHz, or more, is necessary. Therefore, f0*M would be an excessive granularity. In order words, from phase-noise compensation point of view, f0*2m family would offer sufficient granularity.
According to the discussions above, possible subcarrier-spacing should be selected from f0*2m where f0=15kHz and m is an integer.
Observation 1:

· Possible subcarrier spacing is determined by f0*2m where m is an integer.

· f0=15kHz and m is an integer.
3. Necessary CP-length for different subcarrier-spacing
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 also conducted a system-level simulation. In this simulation, we introduce an ISI model given by Fig. 8 and Eq. (2):
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Fig. 8
ISI model in the system-level simulation.
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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, 19 hexagonal cells with 3 sectors per cell and ISD=500m are assumed. Detailed assumptions are given in Table III.

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

[image: image25.emf]Parameter Value

Subcarrier spacing 15kHz 60 kHz 120 kHz

Bandwidth 10MHz 40 MHz 80 MHz

Deployment Scenario

3D-UMa (19 hexagonalcells, 3 sectors per cell, ISD = 500 m)

20% outdoorUE (30km/h)

80% indoor UE (3km/h)

Carrierfrequency 4 GHz

eNBantenna array structure 2Dplanar, cross-polarized (VxHxP= 8x2x2)

UE antenna array structure 4Rx, Cross-polarized

Txpower 46 dBm

MIMO receiver MMSE-IRC

Scheduler SubbandPF

HARQ Ideal timing with max. 4 re-transmisson

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


The 5- and 50-percentile UE throughput are plotted in Fig. 9. 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. Therefore, it can be said that CP-length of 4.7us (same as in LTE) is sufficient for f=15kHz. For f=60kHz and 120kHz, there exists a CP-length maximizing the 5-percentile and 50-percentile UE throughput. The values would be less than 0.5us and 0.25us for these f, respectively. 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 be sufficient.
[image: image26.emf]0

50

100

150

200

250

0 1 2 3 4 5

50% CDF user throughput (Mbps)

CP length (us)

15kHz

60kHz

120kHz

0

20

40

60

80

100

0 1 2 3 4 5

5% CDF user throughput (Mbps)

CP length (us)

15kHz

60kHz

120kHz


Fig. 9
CDF 5% and 50% UE throughput.

Observation 2:

· Fixed CP overhead ratio for different subcarrier-spacing would be sufficient as normal CP operation.
4. Other parameters
In the table agreed in RAN1#84bis, there are other parameters that need to be filled in. However, it is premature to conclude them for now. Therefore, in the following our current understandings are presented.
4.1. Component carrier bandwidth
Since the target range of carrier frequency is extremely large, wide range of carrier bandwidth should be necessary. For narrower subcarrier spacing such as f=15kHz, at least 20MHz bandwidth should be included, and beneficial to support 40MHz and/or wider bandwidth. For f>15kHz, according to the scalable numerology, linearly scaled carrier bandwidth from the case of f=15kHz can be considered. However, details are FFS.
4.2. Subframe length
The subframe length should be discussed together with how NR scheduling operation is done. 

4.3. Frame length
It is premature to determine the NR frame length for now. Various aspects should be taken into account, e.g., necessary periodicity of always-on signals for measurement, mobility, and/or initial-access purposes.
5. Conclusion
In this contribution we discuss numerology related parameters and reached following observations.

Observation 1:

· Possible subcarrier spacing is determined by f0*2m where m is an integer.

· f0=15kHz and m is an integer.
Observation 2:

· Fixed CP overhead ratio for different subcarrier-spacing would be sufficient as normal CP operation.
Then, we propose following table as a starting point.
[image: image27.emf]Set 1 Set 2 Set 3 Set4 Set5 Set 6 Set 7 Set z

SC-spacing(kHz) 15 30 60 120 240 480 960 …

CC BW(MHz) X 2X 4X 8X 16X 32X 64X …

Symbol length (us) 66.67 33.33 16.67 8.33 4.17 2.08 1.04 …

CP-length (us) 4.69 2.34 1.17 0.59 0.29 0.15 0.07 …

SFlength (ms) TBD after identifying detailed scheduling operations in NR

Frame length (ms) Periodicityof fixed DL resources can be a starting value

Note

At least it is necessary to cover X = 20, and it is beneficial to cover X=40

FFS further wider bandwidth
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