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During the 3GPP RAN #71 meeting, a new Study Item “New SID Proposal: Study on new radio access technology” [1] was approved, in order to develop a new RAT which supports a broad range of use cases including enhanced mobile broadband, massive machine-type-communications, ultra reliable and low latency communications. The new RAT will consider frequency ranges up to 100 GHz. It is proposed that initial work in the study item allocates high priority on gaining a common understanding on what is required in terms of radio protocol structure and architecture. In this document, we discuss numerology options for OFDM for the aforementioned new RAT (NR) with considerations for different applications, use cases and requirements. We discuss our views of on frame structure in our companion contribution [2]. Further, we present our views on waveform and multiple access in [3] and [4] respectively.
Numerology for new radio interface
OFDM waveforms divide a given channel into narrow subcarriers that are orthogonal to each other and thus do not interfere with each other. Typically, OFDM system design parameters are derived according to system requirements. The different parameters to be considered are subcarrier spacing, guard time/cyclic prefix and symbol duration, transmission time interval (TTI), etc. We discuss each of these in detail next.
Subcarrier spacing
Subcarrier spacing is a very important parameter for system design. A smaller subcarrier spacing leads to larger symbol duration and lower CP overhead, whereas a higher subcarrier spacing leads to smaller symbol durations, but larger overheads from CP if the target cell radius is large. The choice of subcarrier spacing is also closely tied to the operating frequency in consideration. 
For operating frequencies less than 6 GHz, re-use of 15 kHz allows the benefits of supporting large cell sizes like in current LTE with low CP overheads, while also re-using a lot of the LTE frame structure and designs. It would also be a good option for designing long range systems for massive MTC. Another option for subcarrier spacing is considering higher subcarrier spacing (e.g., 75 kHz). However, support of large cell sizes can be an issue because of larger delay spread requirements resulting in longer CP durations and thus, higher overheads. If designing systems for small cells, use of 75 kHz subcarrier spacing can provide certain benefits like tolerance to higher Doppler spreads and carrier frequency offsets (CFO). Moreover, for high speed UEs, the UEs experience higher Doppler spread leading to higher inter carrier interference (ICI) when smaller subcarrier spacing are used. Use of 75 kHz might also be favourable for unlicensed operation for better time granularity for shorter Clear Channel Assessment (CCA) duration. 
For operating frequencies in low-to-mid bands (for e.g., > 6 GHz and < 40 GHz), a higher subcarrier spacing like 75 kHz is preferred because of frequency drift and phase noise considerations. Usually, frequency drift (like Doppler spread or drift due to local oscillator) is directly proportional to operating frequency. Additionally, higher frequency bands suffer from higher phase noise in proportion to carrier frequency. In general, the phase noise power increases with increasing carrier frequency. Phase noise can be modelled with three parameters: 3dB bandwidth, RMS power at the plateau, and floor power (which represents how fast phase noise goes down after the 3dB bandwidth). Wider subcarrier spacing helps to achieve reasonable SNR. A good summary of phase noise impact can be found in [5]. A specific oscillator operating at 5.7 GHz is shown in [6]. With every doubling of carrier frequency in a crystal, the phase noise power can increase by 6dB. Using this phase noise power scaling scaling as an example, the power spectral density (PSD) of the oscillator phase noise at 22.8GHz and 45.6GHz are derived. The phase noise PSDs are shown in Fig. 1. The ICI induced SNR as a function of the subcarrier spacing is shown in Fig. 2.
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Fig. 1.  An example of PSD scaling as a function of carrier frequency
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Fig. 2: An example of ICI induced SNR versus subcarrier spacing at different operating frequencies
Therefore, for robustness to these frequency drift impairments, a higher subcarrier spacing than in LTE is preferred. 
Observation 1: The phase noise induced ICI in high frequency bands is high and thus, a larger subcarrier spacing is needed to mitigate the interference resulting from phase noise.
Proposal 1: For operating frequencies in low-to-mid frequency bands (for e.g., > 6 GHz and < 40 GHz), 75 kHz subcarrier spacing is preferred because of frequency drift and phase noise considerations.
For high frequency bands (e.g., >=40 GHz), much higher subcarrier spacing  (e.g., 375 kHz) can be considered, unless using the same framework for both mid and high frequency bands has significant system design advantages.
Proposal 2: For high frequency bands (e.g., >=40 GHz), a much higher subcarrier spacing (e.g., 375 kHz) can be considered.

Cyclic prefix length and symbol duration
A low overhead resulting from CP length is highly desired. On the other hand, the CP length should be long enough to account for multipath delay spreads. A larger CP also provides protection against timing synchronization errors.  The symbol duration should be much larger than the CP length to minimize loss of time and energy. When using 15 kHz, the LTE symbol and CP lengths can be re-used. For example, a transmission time interval (TTI) of 1 ms can be used, that consists of 14 OFDM symbols and average CP length is 4.67 us (supporting a cell size of 1.4 km). A few example numerologies for 75 kHz and 375 kHz subcarrier spacing are provided in Table 1. Note that with higher phase noise for high bands, a higher subcarrier spacing is desired which leads to shorter symbol durations and thus low CP overhead is desired. It is desirable to use sampling clock rate that is an integral multiple of the LTE clock, as illustrated in the table. FFT size similar to LTE (for e.g., 2048) should be used for NR to keep complexity low given that the sampling rate increases manifold as compared to LTE. Note that the radio frame length is recommended to be kept as 10 ms, regardless of subcarrier spacing for efficient inter operations between LTE and NR-Phase 1 and NR-Phase 2.
Proposal 3: The radio frame length is recommended to be kept as 10 ms, regardless of subcarrier spacing for efficient inter operations between LTE and NR-Phase 1 and NR-Phase 2.

Table 1: Example numerologies
	Subcarrier spacing
	15 kHz
	75 kHz
	375 kHz

	Sampling clock rate (MHz)
	30.72
	153.6
	768

	OFDM symbol duration, no CP (us)
	66.67
	13.33
	2.67

	CP duration (us)
	4.7
	0.95
	0.19

	CP overhead (%)
	7
	7
	7

	Symbols per TTI
	14
	14
	35

	TTI duration (ms)
	1
	0.2
	0.1

	Frame duration (ms)
	10
	10 
	10



As discussed in the previous section, for high frequency bands (e.g., >=40 GHz) because of phase noise considerations, use of higher subcarrier spacing (e.g., 375 kHz) is preferred. When using high subcarrier spacing, the overhead from CP can be high. The propagation channels at high frequency bands show a high degree of variability in multi path delay spread [7]. Unlike conventional microwave system design, where the delay spread is mainly determined by the environment itself, channel delay spread is very sensitive to beamforming. Designing a system targeting the delay spread of the omnidirectional channel using the typical case of microwave design can result in significant overheads. Re-configurable CP can reduce the overhead and improve spectral efficiency for such cases. Waveform options for enabling such an adaptation is discussed in our companion contribution [3].
Observation 2: The channel delay spread in high frequency bands depends on beamforming in addition to propagation environment, cell radius and frequency band.
Proposal 4: For high frequency bands (e.g., >=40 GHz), designing a system targeting delay spread of omnidirectional channel can result in high overheads, thus re-configurable CP lengths can be considered as an option to reduce overheads and improve spectral efficiency.


TTI length
The TTI length and number of symbols per TTI is also a very important design constraint. Lesser number of symbols per TTI helps in reducing latency, however, also causes loss of spectral efficiency because of high control overheads (e.g., PDCCH, PCFICH, etc.). Using a higher number of symbols per TTI causes low control-related overheads, but increases the latency as well, thus finding a right balance between overhead and latency is required. A TTI of 0.2 ms consisting of 14 symbols when 75 kHz subcarrier spacing is used strikes the right balance between latency and overhead reduction for low-to-mid frequency band (> 6 GHz and ~40). A TTI of 0.2 ms can satisfy newer and stringent latency requirements.
Proposal 5: A TTI of 0.2 ms consisting of 14 symbols when 75 kHz subcarrier spacing is used should be considered for NR for low-to-mid frequency bands (for e.g., > 6 GHz and < 40 GHz).


Conclusion
In this document, we provided our views on the numerology options for the new RAT with considerations for different applications, use cases and requirements. The observations and conclusions are copied below.
Observation 1: The phase noise induced ICI in high frequency bands is high and thus, a larger subcarrier spacing is needed to mitigate the interference resulting from phase noise.
Observation 2: The channel delay spread in high frequency bands depends on beamforming in addition to propagation environment, cell radius and frequency band.

Proposal 1: For operating frequencies in low-to-mid frequency bands (for e.g., > 6 GHz and < 40 GHz), 75 kHz subcarrier spacing is preferred because of frequency drift and phase noise considerations.
Proposal 2: For high frequency bands (e.g., >=40 GHz), a much higher subcarrier spacing (e.g., 375 kHz) can be considered.
Proposal 3: The radio frame length is recommended to be kept as 10 ms, regardless of subcarrier spacing for efficient inter operations between LTE and NR-Phase 1 and NR-Phase 2.
Proposal 4: For high frequency bands (e.g., >=40 GHz), designing a system targeting delay spread of omnidirectional channel can result in high overheads, thus re-configurable CP lengths can be considered as an option to reduce overheads and improve spectral efficiency.
Proposal 5: A TTI of 0.2 ms consisting of 14 symbols when 75 kHz subcarrier spacing is used should be considered for NR for low-to-mid frequency bands (for e.g., > 6 GHz and < 40 GHz).
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