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[bookmark: _Ref298777854]Introduction
A single OFDM numerology cannot fulfil the requirements of all desired frequency- and deployment options for NR. Therefore a family of OFDM numerologies may be adopted.  This contribution shows that a subcarrier spacing of around 30kHz, combined with a cyclic prefix of around 2 us (as obtained by scaling the LTE numerology by a factor of two [7]) may be deployed in many scenarios, including typical macro deployments. This numerology option has the same overhead due to cyclic prefix as LTE but has the advantage of allowing for lower latency and a larger carrier bandwidth for a given FFT size.
Discussion
Contributions [1] and [2] detail why we believe OFDM is the preferred waveform for NR.  Here we first will argue that a CP duration of half the LTE normal CP is adequate in most scenarios, and then list benefits of having half the symbol duration of LTE. 
Proposed numerology may be deployed in typical macro scenarios
[bookmark: _GoBack]Figure 2 through to Figure 5 show simulation results using the TDL-A channel model scaled to 100ns, 300ns, 500ns and 1000ns RMS delay spread (DS) , respectively.  The tested numerologies are obtained by scaling the LTE 15kHz numerology by integer factors. For 100ns DS (and below), all numerologies perform similarly; this is natural as  they are scaled to the same bandwidth, have the same overhead, and the same TTI duration; note that delay spread is significantly smaller than cyclic prefix for all numerologies.  In the 300ns case, 2x15kHz and 1x15kHz perform almost identical, while 4x15kHz performs worse at high SNR. In the 500ns case the difference is visible also when max modulation order is 64QAM (which is more relevant in macro scenarios) In the extreme 1000 ns DS case, the 4x15 kHz numerology perform much worse than 1x15 kHz – this is due to very strong ISI; the degradation of the 2x15kHz option compared to 1x15kHz option is only evident for high SNR, and more so when 256QAM is allowed (which is not representative of the scenarios where 1000ns DS may be observed). Simulation results for TDL-B, and TDL-C show similar behavior [7].  
Figure 1 shows statistics of measured delay spread at a number of carrier frequencies. It is clear that DS as high as 1000ns are rarely encountered in practice, and then typically in NLOS environments and in large cells; in such environments one may expect low SINR while ISI is more important at high SINR (as is clear from simulation results in Figure 2 through to Figure 5).  Delays spreads below 300ns are typical with tx-rx distances on the order of a few 100 meters. In urban macro scenarios, RMS delay spread is typically modelled in the range 50-500 ns [7] – this range is also supported by measurements, see, e.g., [8].
 In Figure 7 we take another approach and compute effective SIR due to ISI based on extensive sets of measured impulse responses in real world macro network running at 2GHz carrier frequencies in Atlanta and Stockholm. Similar to the results using the standardized channel models, these results show that the ISI contribution to SIR will be insignificant for both the 1x15kHz numerology (with 4.68 us cyclic prefix) and 2x15kHz numerology (with 2.35 us cyclic prefix) for virtually all measurement points; this is true also in very high SNR scenarios. For the 4x15 and 5x15 kHz numerologies, however, ISI becomes significant in some cases.
Figure 6 shows simulation result generated using the 3D UMa channel model at 2GHz with ISD 500 m. A single user and no inter cell interference is considered. This together with normalized SNR leads to very similar curves for 10th, 50th, and 90th percentiles. Only the 10-th percentile curve for 4x15 kHz shows losses. The performance difference between 1x15kHz numerology and 2x15 numerology is not distinguishable in these simulations.  
Observation 1: Numerology with symbol duration of around 30 us and cyclic prefix duration of around 2 us may be deployed in many important scenarios, including macro scenarios with relatively large cell sizes. This numerology has the same overhead due to cyclic prefix as LTE with normal cyclic prefix.
Observation 2: With cyclic prefix durations of around 1us and symbol duration of 15us or less, some performance degradation is expected in certain macro settings. 
Proposed numerology brings implementation, latency benefits
Possibility for twice the carrier bandwidth for a given fft size
Assuming that, similar to LTE, a maximum of 1200 subcarriers are available for data, then a system operating at 30 kHz subcarrier spacing will have a maximum carrier bandwidth of ~40MHz, as compared to ~20MHz for LTE or an NR numerology operating at 15kHz subcarrier spacing.
Possibility for smaller latency
It is attractive to preserve the same frame structure across the numerologies supported by NR, including the number of OFDM symbols per shortest scheduling unit. With that approach, the shortest transmission will be half as long with the 30 kHz numerology compared to the 15 kHz numerology. If a seven symbol shortest scheduling unit is adopted, combined with a scaled LTE numerology, then the 30 kHz numerology would have a 250us shortest scheduling unit which may be very attractive for some use cases.
Another observation is that of processing time in a pipelined receiver architecture. At full utilization, as a rule of thumb, the time it takes to process a single OFDM symbol is the duration of an OFDM symbol. Hence the transmission of feedback that depends on the decoding of data in a given OFDM symbol may not take place much earlier than one OFDM symbol duration after reception of the OFDM symbol. This puts a fundamental limit for how early feedback may be transmitted. As a consequence, a system operating with 30 kHz subcarrier spacing may allow for faster round trip times, and shorter guard times than a system operating at 15 kHz subcarrier spacing. This may be beneficial for certain applications.
In TDD systems, a full OFDM symbol may typically need to be reserved (blanked) for downlink to uplink and uplink to downlink transmission direction switch. Hence operating the system with shorter OFDM symbol will have lower overhead compared to a system with longer OFDM symbols.
Observation 3: A numerology operating with 30 kHz subcarrier spacing has distinct advantages over a 15 kHz alternative with respect to latency and certain implementation aspects.
Conclusion
Proposal: We propose that the family of OFDM numerologies defined for NR includes one with a subcarrier spacing of around 30 kHz and a cyclic prefix of around 2 us. One example is that obtained by scaling the 15 kHz LTE numerology by a factor of two as proposed in several earlier contributions (for example [4]). 
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Annex A
RMS delay spread from measurements
Figure 1 shows RMS delay spread computed from measurements. See [5] and [6] for details.
CDF
RMS delay spread  [ns]
[bookmark: _Ref449690742]Figure 1 Left: RMS delay spread as a function of distance for different carrier frequencies (see [5] for details). Right: CDF of RMS delay spread for the different frequencies in outdoor to indoor scenario (see [6] for details). Bottom plot: CDF of RMS delay spread in large to medium cities at ~2Ghz carrier frequency together with values of commonly used channel models  [8].
 




Annex B

1.1 Link level simulation parameters
Numerologies 1x15, 2x15 and 4x15 kHz are simulated on the scaled TDL-A channels, cf Figure 2 to  Figure 5; and the 3D-UMa channel model, c.f. Figure 6  at 2GHz with 500 m ISD. Ideal channel coefficients are used in all simulations. The 1x15, 2x15, and 4x15 kHz numerologies have CP duration of 4.7us, 2.35us, and 1.17us, respectively (every seventh symbol has slightly longer CP as is the case in LTE).  Link adaptation is based on ideal ACK/NACK feedback. LTE channel codec and interleaver is used. Some other relevant parameters are given in Table 1. 
For the TDL-A simulations (Figure 2 through to Figure 5 ), the tap delays are firstly normalized by the RMS delay spread of 44.1 ns respectively, then scaled with {100,300,500,1000}ns RMS delay spread.
For the 3D-UMa channel model in Figure 6, 2 tx antennas and 2 rx antennas were used. Precoding was wideband svd based assuming perfect CSIT.  In the UMa model, the average sum of the tap powers is normalized to 1.0, a single user and one cell using 400 drops.

[bookmark: _Ref449706706]Table 1	Link level simulation setup
	
	1x15 kHz
	2x15 kHz
	4x15 kHz

	Bandwidth (sc)
	1200
	600
	300

	Evaluation BW [MHz]
	19.44
	19.44
	19.44

	Number of OFDM symbols per TTI
	14
	28
	56

	TTI duration [ms]
	1 
	1 
	1 

	Modulation
	QPSK, 16QAM, 64QAM, {256QAM in some cases} dynamic link adaptation



1.2 Results from link level simulations




[bookmark: _Ref447111162]Figure 2	TDL-A normalized with RMS DS=44.1 ns, Scaled DS = 100 ns; Numerologies 1x15, 2x15 and 4x15 kHz. Max modulation order is 256QAM.


[bookmark: _Ref449705497]Figure 3	TDL-A normalized with RMS DS=44.1 ns, Scaled DS = 300 ns; Numerologies 1x15, 2x15 and 4x15 kHz. Max modulation order is 256QAM.


Figure 4	TDL-A normalized with RMS DS=44.1 ns, Scaled DS = 500 ns; Numerologies 1x15, 2x15, 4x15. Max modulation order in the top plot is 256QAM, in the bottom plot 64QAM.



[bookmark: _Ref449690596]Figure 5	TDL-A normalized with RMS DS=44.1 ns, Scaled DS = 1000 ns; Numerologies 1x15, 2x15, and 4x15. Max modulation order in the top plot is 256QAM, in the bottom plot 64QAM.




[bookmark: _Ref447099817]Figure 6	3D-UMa at 2GHz, ISD 500 m,  with one cell and a single user, normalized channel, the result is generated from 400 drops; Numerologies 1x15, 2x15 and 4x15 kHz
 SINR computed from measurements
Figure 7 shows computed SIR due to ISI for two sets of measurements. The measurements were performed in live WCDMA macro networks in Stockholm and Atlanta. 
When computing SIR due to ISI, a synch-position was assumed by taking the highest tap of the measured impulse response and applying a backoff (best out of the set 0.1, 0.2, … , 0.5 times the CP duration). ISI contribution for each tap was then computed as the power of the tap times its delay relative the end of the cyclic prefix. Effects of loss of orthogonality due to truncated impulse response were accounted for in the SIR computation a similar way.
The Atlanta network had a typical inter site distance of 400 – 1000m in the most dense area, and 1500-2000m in the suburban/rural portion. The Stockholm network had an inter site distance of 200-1000m.


[image: ]
[bookmark: _Ref449694394]Figure 7	CDF of computed SIR due to ISI for different numerology options based on data captured in live macro networks operating at 2GHz in Stockholm and Atlanta.
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