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5G new RAT carrier shall operate from sub-1GHz to 100 GHz using a wide range of deployment options [1]. Furthermore 5G new RAT shall cover a very wide application range, including among others, mobile broadband and several types of machine type communications [1]. A single OFDM numerology cannot fulfil the desired frequency range and all envisioned deployment options and applications, therefore this contribution proposes to adopt a family of OFDM numerologies for 5G new RAT. In this context OFDM numerology includes subcarrier spacing and cyclic prefix.  
Discussion
In this contribution we assume OFDM for both UL and DL. The companion contributions [2] and [3] detail while we believe OFDM is the preferred waveform for 5G new RAT.
General
For a given carrier frequency, phase noise and Doppler set the minimum subcarrier spacing. Using smaller subcarrier spacings would either result in undesirable high phase noise contributed EVM or in undesirable high requirements on the local oscillator. Too narrow subcarrier spacings also lead to performance degradations in high Doppler scenarios.  Wider subcarrier spacings reduce the OFDM symbol duration and can reduce latency. Required cyclic prefix overhead (and thus anticipated delay spread) sets an upper limit for the subcarrier spacing; selecting larger subcarriers would result in undesirable high overhead. The maximum FFT size of the OFDM modulator together with subcarrier spacing determines the channel bandwidth. Based on these relations, the “optimum” subcarrier spacing should be as small as possible while still being robust against phase noise and Doppler and providing the desired channel bandwidth and latency.
Scaling
Due to the reasons stated in the introduction, a single OFDM numerology for all deployments and applications is not feasible; instead a set of OFDM numerologies is needed. 
Proposal 1: 5G new RAT will define a set of OFDM numerologies
These OFDM numerologies could either be unrelated to each other, i.e. OFDM numerology for a given frequency and deployment is only based on this frequency and deployment, not considering numerologies for other frequencies at all. The other possibility is to define a family of OFDM numerologies which relate to one baseline OFDM numerology via scaling, i.e. , , and , with , , and  the subcarrier spacing, the OFDM symbol duration (excl. cyclic prefix), and cyclic prefix, respectively. With the scaling approach sampling clock rates (inverse of basic time unit  ) of different OFDM numerologies relate to each other via scaling factor  which simplifies implementations. We therefore propose to adopt the scaling approach, i.e. other OFDM numerologies are derived from a baseline OFDM numerology via scaling. 
Proposal 2: Other OFDM numerologies of the set are derived from the baseline OFDM numerology of the set via scaling
If we assume, as an example, 5G new RAT contains three different OFDM numerologies then the derived OFDM numerologies (and ( would relate to the baseline OFDM numerology ( via scaling by and , respectively. In principal and can be selected independently of each other. In [4] our proposal for the 5G new RAT frame structure is shown where the subframe duration of the different OFDM numerologies also relate to each other via the same scaling factors and . If and can be chosen independent from each other one example could be  and  leading to subframe durations  and . In this example the subframe duration  would not be integer dividable by subframe duration . Two neighbouring TDD networks without sufficient isolation require synchronized operation, i.e. aligned DL and UL periods. If the two networks use different OFDM numerologies it is desirable that an integer number of subframes from one OFDM numerology fits into one subframe of the other OFDM numerology to simplify this alignment. Therefore, in addition to above proposed scaling we also propose that a subcarrier spacing is integer dividable by all smaller subcarrier spacing. In formulas, this implies
Proposal 3: A subcarrier spacing is integer dividable by all smaller subcarrier spacings of the set
Baseline OFDM Numerology (
When LTE Rel-8 was standardized after a thorough numerology study the subcarrier spacing was set to  and the cyclic prefix length to . Therefore it is reasonable to aim for similar values at LTE-like frequencies and deployments. Moreover, at 3GPP RAN RP-70 it has been decided to base NB-IOT on the LTE numerology (for the uplink also a 3.75 kHz tone spacing exists) [5]. NB-IOT foresees different deployments, among others in-band within an LTE carrier, which is enabled by the selected LTE numerology. NB-IOT devices are designed to operate for 10 years and more on a single battery charge. Once such an NB-IOT device is deployed it is likely that, within the device life time, the embedding carrier (assuming in-band LTE deployment) gets refarmed to 5G new RAT. The main reason for selecting LTE-based numerology for NB-IOT was the option of in-band deployment; in-band 5G new RAT deployments after refarming LTE to 5G new RAT would benefit from an LTE-based numerology even for 5G new RAT. 
5G new RAT deployments can happen in the same band as LTE. With adjacent carrier LTE TDD – depending on interference isolation – 5G new RAT must adopt the same UL/DL switching pattern as LTE TDD does. Every numerology where (an integer multiple of) a subframe is 1 ms can be aligned with regular subframes in LTE. Duplex switching in LTE happens in special subframe. To match the transmission direction during special subframes – which is needed if 5G new RAT subframes overlapping special subframes should be fully utilized – the same numerology as in LTE is needed. 
Above arguments together with LTE numerology proven in the field are very strong arguments to set the baseline OFDM numerology for 5G new RAT (to be used in LTE-like frequencies and deployments) to the LTE numerology. This implies same subcarrier spacing (), same OFDM symbol duration (), and same cyclic prefix ( except for first OFDM symbol in an LTE slot where  ). The maximum channel bandwidth depends on the maximum FFT size; with 3000 subcarriers and 10 % guard band a channel bandwidth of 50 MHz can be realized. 
LTE also provides an extended cyclic prefix of 16.67 . Since 5G new RAT must be able to operate in all LTE deployments it should also adopt the extended cyclic prefix of LTE. Wider subcarrier spacings decrease OFDM symbol duration and can be used at lower frequencies to enable very short latencies. In larger cells the normal cyclic prefix of scaled numerology may not be sufficient since it decreases with the scaling factor. However, the extended cyclic prefix – even if scaled by e.g.  – is still adequate for most large cells. Therefore we propose to complement the normal cyclic prefix with the extended LTE cyclic prefix. 
Proposal 4: The baseline OFDM numerology for 5G new RAT is the LTE numerology including both normal and extended cyclic prefix (
Numerology proposal
The baseline OFDM numerology of 5G new RAT is  with both normal and extended cyclic prefix. Together with proposal 2 and 3 other subcarrier spacings are and . As said earlier, the subcarrier spacing should be as small as possible while still fulfilling phase noise and Doppler requirements. As second OFDM numerology we propose  with half as long symbol and cyclic prefix duration as the baseline OFDM numerology. The normal cyclic prefix variant is optimized for less dispersive environments. The useable carrier frequency range covers that of LTE and above but does not reach mmW due to phase noise robustness. At comparable carrier frequencies twice as high Doppler and thus speeds are supported. An additional benefit over 15 kHz is the reduced latency enabled by 30 kHz numerology. The extended cyclic prefix provides reduced latency even in highly delay spread intensive environments at the cost of increased cyclic prefix overhead. 
The next wider bandwidth must then be an integer multiple of 30 kHz according to proposal 3. Again, one should select the minimum possible subcarrier spacing while still fulfilling phase noise and Doppler requirements. With a subcarrier spacing of 60 kHz, robustness towards phase noise is sufficient up to 30 to 40 GHz; sustainable speeds due to Doppler at 30-40 GHz are approximately half of LTE@3 GHz. The normal cyclic prefix is in the order of 1 µs and thus limited to low delay spread. Besides high frequency deployments 60 kHz numerology can also be used at lower frequencies to enable very low latency. The extended cyclic prefix is around 4 µs; 60 kHz subcarrier spacing with the extended cyclic prefix can even be used in delay spread intensive environments to provide very low latency at the cost of high cyclic prefix overhead.
5G new RAT Phase I should cover frequencies up to around 40 GHz and thus 60 kHz subcarrier spacing is sufficient. Details of all three OFDM numerologies (, , and ) with normal and extended cyclic prefix are provided in Table 1.  5G new RAT Phase II should cover frequencies up to 100 GHz and here additional higher subcarrier spacing(s) are required, exact values are FFS but should follow the design proposals outlined in this contribution. 
Proposal 5: For 5G new RAT Phase I, in addition to the baseline OFDM numerology the following OFDM numerologies are defined: ( and (.
[bookmark: _Ref444095519]Table 1	OFDM numerology details
	Subcarrier spacing 
	15 kHz
	30 kHz
	60 kHz

	Basic time unit 
	 s
	 s
	 s

	Clock frequency ()
	61.44 MHz
	122.88 MHz
	245.76 MHz

	OFDM symbol, samples ()
	4096
	4096
	4096

	Normal cyclic prefix, samples ()
	320 for 1st symbol and 288 for next 6 symbols
	320 for 1st symbol and 288 for next 6 symbols
	320 for 1st symbol and 288 for next 6 symbols

	Extended cyclic prefix, samples ()
	1024 
	1024 
	1024 



Annex A analyses the OFDM numerologies , , and  w.r.t. phase noise. Link level simulations results of these three OFDM numerologies for different channel models are provided in Annex B. From the results in Annex A and B can be seen the proposed OFDM numerologies span the frequency range up to 40 GHz and provide sufficient cyclic prefix length for the considered channel models.
Conclusion
In this contribution we propose to adopt 3 different OFDM numerologies for 5G new RAT; 15, 30, and 60 kHz. All numerologies are derived from the baseline 15 kHz numerology via scaling. The 15 kHz numerology is identical to LTE. 
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Annex A
Methodology
To evaluate the impact of phase noise we determine the Signal to Interference Ratio (SIR) due to inter-subcarrier interference (ICI).
The SIR on subcarrier  is given by  with  the phase noise spectrum and the ICI weighting function for subcarrier  [6].  is the number of allocated subcarriers with subcarrier spacing . 
In the actual analysis a slightly simplified approach has been used where only the SIR for subcarrier , i.e. has been evaluated (with practical phase noise spectrum the middle subcarrier is worst impacted, just evaluating the middle subcarrier is thus a conservative estimation [6]) . The weighting function has been simplified to be [6]
.
Phase noise spectrum
Figure 1 shows the assumed phase noise spectrum for carrier frequencies of 6 GHz, 20 GHz, and 40 GHz. The phase noise spectrum for other frequencies can be easily generated by shifting the curve for 6 GHz by  with the desired carrier frequency.
[image: ]
[bookmark: _Ref445214143]Figure 1	Phase noise spectrum
Simulation assumptions
The SIR due to ICI is evaluated for subcarrier spacing , , and . Independent of the subcarrier spacing the allocated bandwidth is always assumed to be 100 MHz, the number of allocated subcarriers is then . For low carrier frequencies 100 MHz bandwidth is probably a very aggressive assumption; reducing the bandwidth would result in increased SIR, the provided figures are therefore again conservative estimates. 
Results
Figure 2 to Figure 4 shows the SIR due to ICI for subcarrier spacing , , and , respectively.
[image: ]
[bookmark: _Ref445216285]Figure 2	SIR for subcarrier spacing 
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Figure 3	SIR for subcarrier spacing 
[image: ]
[bookmark: _Ref445216292]Figure 4	SIR for subcarrier spacing 
 Annex B

1.1 Link level simulation parameters
Numerologies 1x15, 2x15 and 4x15 kHz are simulated on the scaled TDL-A, B and C channels cf. [7][8][9]; and the 3D-UMa channel model [10] at 2GHz with 500 m ISD, the average sum of the tap powers normalized to 1.0, a single user and one cell using 400 drops. Ideal channel coefficients are used in all simulations. Link adaptation is based on ideal ACK/NACK feedback, no rank adaptation is used.
For the TDL-A, B and C simulations, the tap delays are firstly normalized by the RMS delay spread of 44.1 ns, 51.2 ns and 455.6 ns respectively, then scaled with {10,30,100,300,1000} ns RMS delay spread.

Table 2	Link level simulation setup
	
	1x15 kHz
	2x15 kHz
	4x15 kHz

	Bandwidth (sc)
	1296
	648
	324

	Evaluation BW [MHz]
	19.44
	19.44
	19.44

	Number of OFDM symbols per TTI
	14
	28
	56

	TTI duration [ms]
	1 
	1 
	1 



1.2 Results
Figure 5 to Figure 13 below show simulation results on TDL-A, B and C propagation channels. One can see that all numerologies perform similarly with the same delay spread, except the cases for which ISI becomes significant. It can be observed that only for the channels normalized to 1000 ns RMS delay spread 2x15 kHz and 4x15 kHz numerology perform worse than 15 kHz, in all other cases all numerologies perform equally. For very delay spread intensive environments preferable the 15 kHz numerology should be used; 2x15 kHz and 4x15 kHz numerology (potentially with extended cyclic prefix) should be used in delay spread intensive environments only if required from latency perspective or due to high carrier frequency (even though RMS delay spread in the order of 1000 ns is unlikely encountered at high frequency deployments). Only results with RMS delay spreads 100, 300 and 1000 ns are shown; performance over channels with 10 ns and 30 ns RMS delay spread is equal for all tested numerologies (as is the case for 100 ns and 300 ns). 
Figure 14 shows the simulation result generated from 400 drops for a single user in one cell using the 3D UMa channel model at 2GHz with ISD 500 m, normalized channel, 2 RX antennas and 2 TX antennas using genie based SVD precoding. A single user and no inter cell interference is considered since only the effects of ISI should be studied. This together with normalized SNR lead to very similar x-percentile curves. Only the 10-th percentile curve for 4x15 kHz shows losses which indicates the presence of users experiencing delay spread larger than 1.17 µs (cyclic prefix length of 4x15 kHz numerology). In a real deployment the effect would be less pronounced since path loss (SNR limitations) and inter cell interference would lower the throughput for the 10-th percentile. 
Based on the shown results one can conclude that the proposed numerologies covers the studied environments. In large parts of the studied environments even 2x15 kHz and 4x15 kHz show no ISI degradation which indicate that 2x15 kHz and 4x15 kHz are not limited to very dense deployments only. 



[bookmark: _Ref447111162]Figure 5	TDL-A normalised with RMS DS=44.1 ns, Scaled DS = 100 ns; Numerologies 1x15, 2x15 and 4x15 kHz


Figure 6	TDL-A normalised with RMS DS=44.1 ns, Scaled DS = 300 ns; Numerologies 1x15, 2x15 and 4x15 kHz


Figure 7	TDL-A normalised with RMS DS=44.1 ns, Scaled DS = 1000 ns; Numerologies 1x15, 2x15 and 4x15 kHz


Figure 8	TDL-B normalised with RMS DS=51.2 ns, Scaled DS = 100 ns; Numerologies 1x15, 2x15 and 4x15 kHz


Figure 9	TDL-B normalised with RMS DS=51.2 ns, Scaled DS = 300 ns; Numerologies 1x15, 2x15 and 4x15 kHz


Figure 10	TDL-B normalised with RMS DS=51.2 ns, Scaled DS = 1000 ns; Numerologies 1x15, 2x15 and 4x15 kHz


Figure 11	TDL-C normalised with RMS DS=455.6 ns, Scaled DS = 100 ns; Numerologies 1x15, 2x15 and 4x15 kHz


Figure 12	TDL-C normalised with RMS DS=455.6 ns, Scaled DS = 300 ns; Numerologies 1x15, 2x15 and 4x15 kHz


[bookmark: _Ref447111169]Figure 13	TDL-C normalised with RMS DS=455.6 ns, Scaled DS = 1000 ns; Numerologies 1x15, 2x15 and 4x15 kHz


[bookmark: _Ref447099817]Figure 14	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
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