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1 Introduction
The study item for the next generation radio access network or new radio (NR) has been kicked off at the March plenary (see [1]).  One important topic addressed as part of the study item is the numerology for the OFDM-based waveform ([2], [3]).  

At the last two RAN1 meetings, a number of agreements were made on the topic of NR numerology.  Of particular interest to this contribution, the following agreements and working assumptions were made at the last RAN1 meeting [4] in Nanjing:

	Working assumptions:
· 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

Working assumption:
· In the case of subcarrier spacing 15 kHz and 14 symbols per 1ms, the following applies:

· Baseline: Symbol boundary is aligned with LTE of normal CP
Agreements:
· For the numerology with 15 kHz and larger subcarrier spacing ,1 msec alignment is supported


In addition to these agreements, additional discussions on the desirable characteristics of the scalable numerology took place, and a way forward was presented [5].  In this contribution, we discuss the concept of a CP-Family in the context of scalable numerology, and further discuss the alignment of OFDM symbols within a CP-Family.
2 Discussion
For the 15kHz subcarrier spacing and Nsf=14 symbols per Tsf=1 ms, it was agreed to support symbol alignment with LTE (for the normal CP case).  This approach simplifies dual-mode operations and co-existence between NR and LTE significantly.  Alignment at 1ms boundaries is also agreed for larger subcarrier spacing based on 15kHz baseline subcarrier spacing.

At least for the case of 15kHz base sub-carrier spacing, we propose in this document to further have symbol alignment across associated symbols of different scaling factors.  This approach has the potential to facilitate implementation and co-existence not only between NR and LTE, but also between numerologies of the same family with different scaling factors.  With symbol alignment, the same symbol clock can be used across numerologies in a terminal.  Symbol alignment also has the following advantages:

· Convenient for power control as it ensures that the power update is applied simultaneously to entire symbols across all numerologies.
· Minimizes the number of symbols affected by interference from a neighboring node transmitting using a scaled numerology

· Enables efficient time multiplexing between scaled numerologies (or change to a new scaling factor) by a transmitter (e.g. TRP)

Observation 1:
OFDM Symbol alignment across numerologies has implementation and co-existence advantages.

2.1 CP-Family

Under the agreed numerology scaling approach, we first observe that Tu,N, the duration of the useful part of an OFDM symbol for a specific scaling value N, corresponds to the duration of the useful part of the baseline OFDM symbol (Tu,o) divided by N, that is: Tu,N = Tu,o /N.  Since the duration of the useful part of the OFDM symbol scales with the inverse of N, it is reasonable to consider a set of numerology for which not only the subcarrier spacing scales with N but also the number of OFDM symbols in a 1ms subframe scales with N, that is: Nsf,N = N x Nsf,o, where Nsf,N is the number of OFDM symbols per ms for scale factor N, and Nsf,o is the number of OFDM symbols per subframe for the baseline numerology.  This set of numerology is herein referred to as a CP-Family.
Note that the scaling of the number of symbols per ms has the property of maintaining the same amount of overhead for the CP.  This can be observed by expressing the total CP time in a 1ms duration and noting that it is independent of the scaling factor N:

TCP,Tot = Tsf - Nsf,N x Tu,N = Tsf – N.No x Tu,o / N = Tsf-No x Tu,o
(1)
We thus define a CP-Family as follows: 

Definition:
A CP-Family consists of a set of numerologies obtained from scaling both a baseline subcarrier spacing (∆fo) and the associated baseline number of OFDM symbols (including both useful and CP part) in a 1ms interval (Nsf,o).

Table 1 shows three (3) examples of CP-Families for different scaling factors (N=1,2, and 3).  The CP-Families are based on a 15 kHz baseline subcarrier spacing and the LTE Normal CP, Extended CP and the Zero-CP (e.g. for ZT-DFTs-OFDM, UW-OFDM and other numerologies where the duration of CP is zero).
Table 1: Example CP-Families

	
	
	Scale factor

	
	
	N=1
	N=2
	N=4

	Normal CP

(∆fo=15kHz, Nsf,o=14)
	∆f
	15 kHz
	30 kHz
	60 kHz

	
	Nsf
	14
	28
	56

	
	Tu
	66.6µs
	33.33 µs
	16.67 µs

	
	TCP,Tot
	66.67 µs

	Extended CP

(∆fo=15kHz, Nsf,o=12)
	∆f
	15 kHz
	30 kHz
	60 kHz

	
	Nsf
	12
	24
	48

	
	Tu
	66.67 µs
	33.33 µs
	16.67 µs

	
	TCP,Tot
	200 µs

	Zero-CP

(∆fo=15kHz, Nsf,o=15)
	∆f
	15 kHz
	30 kHz
	60 kHz

	
	Nsf
	15
	30
	60

	
	Tu
	66.67 µs
	33.33 µs
	16.67 µs

	
	TCP,Tot
	0 µs


The advantage of scaling the number of symbols with N are again to simplify implementation since the symbol boundaries can then be aligned (see Section 2.2 for details).  This is even more important for the case of 15 kHz subcarrier spacing to facilitate implementation of dual-mode terminals and co-existence with LTE when using larger subcarrier spacing.  This feature can be particularly relevant to support later releases of LTE with short TTI,
Proposal 1:
At least for 15kHz subcarrier spacing with normal CP, the number of symbols in 1ms scales with the numerology scaling factor N.
2.2 Symbol Alignment Within a CP-Family
For the zero-CP CP-Families, the OFDM symbols are spaced evenly as there is no CP to consider, and symbol alignment between symbols of different scaling factor will occur naturally.  There is no such natural symbol alignment for non-zero-CP CP-Families: while the useful part of the OFDM symbol scales with N, this is not necessarily the case for the CP part.  An example of this is the LTE Normal CP where the first OFDM symbol in a slot (l=0) has a slightly longer CP than the other symbols (l=1,2,3,4,5,6).  The reason for the non-equal OFDM symbols is simply due to the fact that the number of samples per ms for the cyclic prefixes does not divide equally with the number of OFDM symbols. 
Observation 2: 
Not all choices of numerology lead to equal-length CP per ms.
Thus in the general case where the OFDM symbols do not have the same duration, how the CP duration for each OFDM symbol is determined needs to be addressed.  One approach is to distribute the CP as uniformly as possible within a (e.g. 1ms) duration independently for each value of N considered; one or more symbol to account for all samples per ms without regards to the symbol duration for other values of N.  This approach will in general lead to symbols being unaligned across adjacent values of N.
Another approach is to distribute the CP duration by considering the symbol duration of the adjacent lower scaling factor (N-1).  This approach in our view is more advantageous as it allows symbol alignment between symbols of different subcarrier spacing.  In general, this approach requires that the sum of the duration of the OFDM symbols of a larger subcarrier spacing be equal to the duration of the associated OFDM symbol of the lower subcarrier spacing.
More specifically, if the duration of the lth OFDM symbol for scaling factor N is expressed by TN,l, then we have the following relation:
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(2)
This approach is illustrated in Figure 1, where SN,l is the lth OFDM symbol in the 1ms interval for scaling factor N and Nsf is the number of symbols in 1ms for the baseline numerology.  As it can be observed for example for N=2, the S2,1 symbol boundary is aligned with the symbol boundary of the corresponding lower scaling factor OFDM symbol S1,0.  

This approach is thus very advantageous because it does not require that all symbols for a given scaling factor have the same duration to provide symbol alignment across different subcarrier spacing values for numerologies in the same CP-Family.
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Figure 1: OFDM Symbol Alignment within CP-Family
A practical example of this concept for Normal CP CP-Family is provided in the Appendix.

Proposal 2:
For numerologies of the same CP-Family, the CP duration for the higher scaled numerology is distributed across symbols such that each symbol boundary of the baseline numerology is aligned with a symbol boundary of the higher scaled numerology.
Proposal 3:
For the same CP-Family, the duration of the symbol for the baseline numerology is equal to the sum of the duration of the associated symbols of the higher scaled numerology.
Proposal 4:
For the same CP-Family, the duration of the symbol for a lower scaled numerology (e.g. N-1) is equal to the sum of the duration of the associated symbols of the next scaled numerology (i.e. N).

3 Conclusion

In this contribution, we have discussed symbol alignment across different numerologies for a CP-Family and have made the following observations and proposals:
Observation 1:
OFDM Symbol alignment across numerologies has implementation and co-existence advantages.

Observation 2: 
Not all choices of numerology lead to equal-length CP per ms.

Proposal 1:
At least for 15kHz subcarrier spacing with normal CP, the number of symbols in 1ms scales with the numerology scaling factor N.
Proposal 2:
For numerologies of the same CP-Family, the CP duration for the higher scaled numerology is distributed across symbols such that each symbol boundary of the baseline numerology is aligned with a symbol boundary of the higher scaled numerology.
Proposal 3:
For the same CP-Family, the duration of the symbol for the baseline numerology is equal to the sum of the duration of the associated symbols of the higher scaled numerology.

Proposal 4:
For the same CP-Family, the duration of the symbol for a lower scaled numerology (e.g. N-1) is equal to the sum of the duration of the associated symbols of the next scaled numerology (i.e. N).
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5 Appendix
5.1 Example CP-Family based on Normal CP
As discussed in Section 2.2, there could be different ways of distributing the duration of the CP when scaling the numerology.  Table 2 provides an example of parameters for a scaled numerology (N=2) based on the Normal CP CP-Family.  
In this example, it is assumed that the same sampling rate and BW remain the same such that the FFT size for the useful part of the symbol is also scaled.  Since the number of samples for the CP cannot be distributed equally among the symbols, three different options CP configurations are provided for N=2.

As it can be seen from the table, Option a) first distributes an equal amount of time for the CP to all symbols and then adds all the remaining CP time to the first symbol.  Option b) is similar but distributes the remaining CP time to two symbols.  Option c) distributes the additional CP time on the symbols that are associated to symbols l=0 and l=7 (i.e. first symbol of second slot in LTE Normal CP) for the baseline subcarrier spacing.  Option c) therefore maintains symbol aligment and satisfies the condition in equation (2).

Table 2: Example options for CP-Family based on Normal CP

	Scaling factor
	N=1 (baseline)
	N=2

	∆f
	15 kHz
	30 kHz

	Nsf
	14
	28

	# Samples for useful part of OFDM symbol
	2048
	1024

	# Samples for CP
	160, l=0,7
144, l=1,…6, 8,…14
	Option a)
104, l=0

72, l=1,…,27
	Option b)
88, l=0,14

72, l=1,…13,15,…27
	Option c)
80, l=0,1,14,15

72,0=2,…13, 16,…27
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S1,0
S1,1
S1,Nsf-1
S2,0
S2,1
S4,0
S4,1
...
N=1
Tsf=1ms
...
S4,2
S4,3
S2,2
S2,3
T2,0
T2,1
T1,0
T1,1
T1,Nsf-1
T4,0
T4,1
T4,2
T4,3
N=2
N=4
T2,2
T2,3
...
S2,(2xNsf)-1
T2,(2xNsf)-1
S4,(4xNsf)-1
T4,(4xNsf)-1



