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Introduction
In RAN1 #84b, it was agreed that
· 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
The following working assumption was made in RAN1#85
· RAN1 concludes on alternative 1 (15 kHz) as the baseline design assumption for the NR numerology
· RAN1 concludes on scale factors N =2n for subcarrier spacing as the baseline design assumption for the NR numerology
The following was agreed in RAN1#85:
· For the numerology with 15 kHz and larger subcarrier spacing ,1 msec alignment is supported
In this contribution, we discuss the links between numerology and waveform design, and we also address some issues regarding CP/guard interval requirements in NR.
Discussion on flexible guard length for OFDM-based waveforms
To limit the inter-symbol interference due to the propagation through a multipath channel, a guard interval is needed to absorb the different channel delays. In LTE, the cyclic prefix acts as guard between two successive symbols. LTE numerology includes both normal CP and extended CP to cope with different channel delay spreads. 
For NR waveform candidates, different types of guard between two symbols may exist, depending on the proposed candidate, for example CP or ZP (zero padding) for OFDM; CP, UW (unique word), ZT (zero-tail), or other pre-DFT or post-IFFT guard interval (GI) reserved within the NFFT samples at the output of the IFFT for DFT-s-OFDM, etc… CP and ZP assume adding NCP/ZP samples after the IFFT for an effective guard time of NCP/ZP/Fs (s), where Fs is the sampling frequency. Symbol length (guard included) varies with the length of the guard. For UW/ZT/GI DFTsOFDM, guard time is implemented by replacing MUW/ZT/GI out of M data symbols before the DFT with a desired sequence, which creates an equivalent guard of NUW/ZT/GI = MUW/ZT/GI* NFFT /M samples between data parts in two successive symbols [2]. No further CP is appended, which has to be taken into account when setting numerology choices [3], [4], [5]. There is thus no modification of the symbol length (guard included), irrespective of the length of the guard. This leads to an effective guard time of NUW/ZT/GI /Fs (s).
Guard lengths choice is usually made based on the RMS delay spread of the typical channels. Other factors may be taken into account, such as the need for a larger guard for the first symbol in order to allow beam switching. In NR, especially in mmWave bands, the delay spread of the channel is significantly reduced due to narrow beamforming. In UL for example, the effective delay spread experienced by each UE depends on  the number of the antennas at the UE. Guard overhead should be as small as possible in order to maximize the throughput. 
Observation 1: Guard length should flexible so as to minimize guard overhead in a large variety of scenarios.
There is thus a need of flexibility for the guard time choice. To a certain extent, guard time can be adapted through subcarrier spacing scaling. Scaling ∆f with 2n for a larger SCS while keeping the same IFFT size divides by 2n the symbol duration and implicitly the guard time. But as discussed here-above, flexible guard time adaptation may be necessary for each subcarrier spacing. 
Figure 1 shows an example of multiple CP lengths (a, b) for CP-based waveforms and flexible guard time adaptation (c, d) for CP-less waveforms. The example is given for the baseline design with ∆f=15kHz and TTI length of 1ms. Cases a and b represent LTE-based numerology with normal and extended CP respectively. Cases c and d represent an example of numerology suitable for CPless waveforms (e.g. UW/ZT/GI DFTsOFDM). To fill a 1ms TTI, one extra symbol is needed wrt CP-based waveforms with normal CP, assuming that all other parameters remain unchanged (bandwidth, SCS, NFFT, Fs). The example in Figure 1 c and d shows a UW DFTsOFDM symbol where the UW is split between symbol head and tail. UW can be implemented as head only or tail only. ZT and GI DFTsOFDM can be seen as particular cases of UW, with a specific UW choice/position.
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[bookmark: _Ref456790856]Figure 1 Multiple CP lengths vs flexible guard time adaptation for 15kHz SCS

Fine granularity of the guard length can be obtained by varying the number of QAM symbols to be replaced with a known UW, MUW. A numerical example using MUW for SCS of 15kHz, 60kHz and 75kHz is given in Table 1. The same analysis can be conducted for ZT or GI DFT-s-OFDM. Guard length can be adapted per user, without any change in the frame structure. Symbol level boundary alignment can be achieved irrespective of the guard length (UW/ZT/GI length) as in Figure 1 c and d.
Proposal 1: CP length 0 should be supported in order to allow implementation of CP-less waveforms with flexible guard length.

[bookmark: _Ref456800400]Table 1
	
	CP-based
	CP-less
	CP-based
	CP-less

	BW
	20MHz
	80MHz

	SCS
	15kHz
	60kHz

	NFFT
	2048
	2048

	Fs
	30.72MHz
	122.88MHz

	TTI duration
	1ms
	250µs

	Guard duration (NCP/ECP and UW)
	4.7µs/
16.67µs
	MUW
	2
	4
	6
	1.17µs/
4.16µs
	MUW
	2
	4
	6

	
	
	M=48
	2.77µs
	5.55µs
	8.33µs
	
	M=48
	0.69µs
	1.38µs
	2.08µs

	
	
	M=1200
	0.11µs
	0.22µs
	0.33µs
	
	M=1200
	27.7ns
	55.56ns
	83.33ns

	Guard overhead
	6.68%
20%
	MUW
	2
	4
	6
	6.68%
20%
	MUW
	2
	4
	6

	
	
	M=48
	4.16%
	8.33%
	12.5%
	
	M=48
	4.16%
	8.33%
	12.5%

	
	
	M=1200
	0.16%
	0.33%
	0.5%
	
	M=1200
	0.16%
	0.33%
	0.5%

	Number of OFDM symbols per TTI
	14/12
	15
	14/12
	15



	
	CP-based
	CP-less
	
	

	BW
	100MHz
	

	SCS
	75kHz
	

	NFFT
	2048
	

	Fs
	153.6MHz
	

	TTI duration
	200µs
	

	Guard duration (NCP/ECP and UW)
	0.94µs/
3.34µs
	MUW
	2
	4
	6
	
	
	
	
	

	
	
	M=48
	0.55µs
	1.11µs
	1.67µs
	
	
	
	
	

	
	
	M=1200
	22ns
	44ns
	66µs
	
	
	
	
	

	Guard overhead
	6.68%
20%
	MUW
	2
	4
	6
	
	
	
	
	

	
	
	M=48
	4.16%
	8.33%
	12.5%
	
	
	
	
	

	
	
	M=1200
	0.16%
	0.33%
	0.5%
	
	
	
	
	

	Number of OFDM symbols per TTI
	14/12
	15
	
	




Conclusion
Observation 1: Guard length should flexible so as to minimize guard overhead in a large variety of scenarios.
Proposal 1: CP length 0 should be supported in order to allow implementation of CP-less waveforms with flexible guard length.
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