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Introduction
In RAN1 #86, it was agreed [1] that NR design should allow potentially defining multiple CP lengths for a given subcarrier spacing in Phase I or later. Moreover, it was agreed that more than one CP length should be studied for a given subcarrier spacing. The following points are FFS:
· whether all of subcarrier spacings support more than one CP length or not
· whether supporting more than one CP length for a given subcarrier spacing is mandatory or optional for a given UE

On the other hand, it was also decided that 
· A subframe duration is defined by the duration of x OFDM symbols given a reference numerology 
· With the same CP overhead, a single value of x is specified irrespective of the subcarrier spacing value chosen for the reference numerology
More precisely, it was agreed that the subframe duration in ms for a reference numerology with subcarrier spacing (2m*15)kHz is exactly 1/2m ms. Moreover, a slot is defined as a possible scheduling unit as follows:
· Slot of duration y OFDM symbols in the numerology used for transmission
· An integer number of slots fit within one subframe duration (at least for subcarrier spacing is larger than or equal the reference numerology)
The exact value of y (y=x and/or y=x/2 and/or y is signalled) is FFS. Mini-slots supporting transmission shorter than y OFDM symbols in the numerology used for transmission could also be defined.
While, as a working assumption, symbol level alignment across different subcarrier spacings with the same CP overhead is assumed within a subframe duration in a NR carrier, symbol level alignment cannot be obtained across different CP overhead families. It was agreed that RAN1 strives how to enable efficient time alignment between transmissions with different CP overheads.
In this contribution we address some issues concerning the need for having flexible CP lengths and the implications on slot/mini-slot definition with respect to time alignment problems.
Discussion on different CP families
For NR waveform candidates, different types of guard between the data parts of 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… For eMBB/URLLC below 40GHz at least CP OFDM will be supported. NR design should potentially allow defining multiple CP lengths for a given subcarrier spacing (SCS), and the considered different CP lengths for a given subcarrier spacing can be of substantially different lengths in order to enable, for example, wide area deployment at very large SCS, where scaling from a single CP value might lead to insufficient CP time duration.
Observation 1: Guard length should be flexible so as to minimize guard overhead in a large variety of scenarios.
There are specific services where the use of CP-less waveforms (thus within the family of null CP lengths) has substantial benefits. For example, UW DFTsOFDM [2] where the UW is a static sequence represented by a Zadoff-Chu sequence has been shown to outperform OFDM and DFTsOFDM in the high speed train scenario with relay in terms of spectral efficiency and BLER, thanks to channel estimation by the UW sequence in the time domain [3]. For mmWave bands above 40GHz, UW DFTsOFDM represents a low PAPR candidate for both UL and DL allowing flexible modulation of the guard interval so as to minimize guard overhead in a large variety of scenarios, without any impact on the frame structure, as it has been pointed out in [4]. In NR, especially in mmWave bands, the delay spread of the channel is significantly reduced due to narrow beamforming. Guard overhead should be as small as possible in order to maximize the throughput, and thus having per user flexible modulation of the guard interval is particularly interesting. We have also shown good performance of UW DFTsOFDM in a variety of scenarios in [5], [6], [7].
For flexibility reasons, the possibility of having different numerologies between UL and DL should remain opened. Use case examples are the MBSFN case, the use of different waveforms between UL and DL, or the case where the UE connects to a far RRH for DL transmission and to a different close RRH for UL transmission. Another example is the SFN high speed train scenario, where longer CP may be needed in the DL to combat interference from neighboring linear cells, while in the UL close distance communication with the RRH there is no such need.
Current decisions made in numerology should not preclude the development of such solutions, either in phase 1 or at a later stage. To address the need of supporting different CP families, we propose the following
Proposal 1: Support multiple CP lengths for a given subcarrier spacing.
Proposal 2: At least for subcarrier spacings 60kHz and above, support null CP length. 
Discussion on frame structure and time alignment
As previously stated, multiple CP lengths should be supported. For a given subcarrier spacing 2k*15kHz used for the transmission, within a time duration of 1/2k ms, different CP lengths lead to different numbers of corresponding OFDM symbols for different transmission numerologies, as it can be seen in Figure 1.
Non-null CP assumes adding NCP samples after the IFFT for an effective guard time of NCP/Fs (s), where Fs is the sampling frequency. Symbol length (CP included) varies with the length of the CP. 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. No CP is further appended, which has to be taken into account when setting numerology choices. 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).
Figure 1 shows an example of multiple CP lengths (a, b) for non-null CP, and flexible guard time adaptation (c, d) for CP-less waveforms (thus with null CP length). Cases a and b represent scaling from LTE-based numerology with normal and extended CP respectively. Cases c and d represent an example of numerology suitable for CP-less waveforms (e.g. UW/ZT/GI DFTsOFDM). To fill a 1/2k ms time interval, 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. 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. An example of numerology sets for different SCS is given in Table 1.
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[bookmark: _Ref456790856]Figure 1 Multiple CP lengths vs flexible guard time adaptation

Observation 2: For CP-less waveforms, symbol boundary alignment is achieved inside the null-CP length family irrespective of the considered guard interval and chosen SCS. 
Observation 3: For SCS 2k*15kHz efficient time alignment is achieved every 1/2k ms between the following CP families: null CP length (every 15th symbol), NCP(every 14th symbol) and ECP(every 12th symbol).

It has been decided that an integer number of slots will fit within one subframe duration. The slot size in numbers of OFDM symbols will perform a tradeoff between latency and control overhead. 
For low SCS, choosing y=12/14/15 for ECP/NCP/null CP length families provides reasonable control overhead and latency. For specific use cases, should the latency need to be further reduced, minislots of respectively (6 or 3)/7/(5 or 3) OFDM symbols can be defined if needed. For a given SCS, time alignment is achieved at slot boundary between different CP families.
For high SCS, y should be chosen as a multiple of 12/14/15 for ECP/NCP/noCP families. The exact value of n (where y=n*12/14/15 respectively) is chosen depending on the targeted latency (e.g. 0.125ms for eMBB). Time alignment is achieved every slot boundary (and also every 12/14/15th  symbol within a slot). We do not believe there is a need of defining mini slots in this case.
Proposal 3: For low SCS, slot is composed of y=12/14/15 OFDM symbols for ECP/NCP/null CP length families.
Proposal 4: For high SCS, slot is composed of y = n*12/14/15 OFDM symbols for ECP/NCP/null CP length families, where n is an integer defined with respect to the target latency to be achieved.
High SCS values can be considered 60kHz and above.

Conclusion
Proposal 1: Support multiple CP lengths for a given subcarrier spacing.
Proposal 2: At least for subcarrier spacings 60kHz and above, support null CP length. 
Proposal 3: For low SCS, slot is composed of y=12/14/15 OFDM symbols for ECP/NCP/null CP length families.
Proposal 4: For high SCS, slot is composed of y = n*12/14/15 OFDM symbols for ECP/NCP/null CP length families, where n is an integer defined with respect to the target latency to be achieved.
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	CP-based
	CP-less
	CP-based
	CP-less

	BW
	20MHz
	80MHz

	SCS
	15kHz
	60kHz

	NFFT
	2048
	2048

	Fs
	30.72MHz
	122.88MHz

	Slot duration
	1ms
	n*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
	n*15



	
	CP-based
	CP-less
	
	

	BW
	640MHz
	

	SCS
	480kHz
	

	NFFT
	2048
	

	Fs
	983.04MHz
	

	Slot duration 
	n*31.25 µs
	

	Guard duration (NCP/ECP and UW)
	0.14µs/
0.52µs
	MUW
	2
	4
	6
	
	
	
	
	

	
	
	M=48
	86.2ns
	0.17µs
	0.26µs
	
	
	
	
	

	
	
	M=1200
	3.46ns
	6.94ns
	10.41ns
	
	
	
	
	

	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
	n*14/12
	n*15
	
	





References
[1]. [bookmark: _Ref462673023]Chairman’s note, RAN1 #86, Goteborg, Sweden, August, 2016
[2]. [bookmark: _Ref462761774] F. Hasegawa, S. Shinjo, A. Okazaki, A. Okamura, L. Brunel and D. Mottier, “Static sequence assisted out-of-band power suppression for DFT-s-OFDM”, PIMRC 2015, Hong Kong, pp 61-65, Sept. 2015.
[3]. [bookmark: _Ref462762112][bookmark: _Ref457689947]R1-1610297, Waveform designs for high speed train scenario, Mitsubishi Electric, RAN1 #86b, Lisbon, October 2016
[4]. [bookmark: _Ref462762378]R1-166225, Considerations on numerology for support of flexible guard lengths, Mitsubishi Electric, RAN1 #86, Goteborg, August 2016.
[5]. [bookmark: _Ref462822434]R1-166227, UW DFTsOFDM link level evaluation results above 30GHz, Mitsubishi Electric, RAN1 #86, Goteborg, August 2016.
[6]. [bookmark: _Ref462822436]R1-164028, Link-level evaluation results for UW-DFT-s-OFDM, Mitsubishi Electric, RAN1 #85, Nanjing, China, May 2016.
[7]. [bookmark: _Ref462933197]R1-1609792, mmWave UW DFTsOFDM link level evaluation, Mitsubishi Electric, RAN1 #86b, Lisbon, October 2016

image1.png
a) I C
I
I I
I I
I I
I I
I I
I :
I P
I I I ECP

/2 IJS




