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1. Introduction
In RAN1#86, discussions about the reference numerology and sub-frame duration have taken place. This contribution discusses the two cases of either having multiple reference numerologies or to use a single one in NR. 
2. Discussion
The sub-frame is used to provide a reference time-duration. This time duration is based on the sub-carrier spacing of the reference numerology (SCSref).

Below, important agreements on the reference numerology from [1] are recited: 
	1) Agreements:
· Subframe duration in ms for a reference numerology with subcarrier spacing (2m*15)kHz is exactly 1/2m ms
2) Agreements:
· 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
· This does not preclude multiple data transmission opportunities in time within a subframe duration
· This does not preclude multiple control transmission opportunities in time for both DL and UL within the subframe duration
· This does not preclude one data transmission to span over multiple subframe durations
· A UE has one reference numerology in a given NR carrier which defines subframe duration for the given NR carrier
· FFS: In a given NR carrier, whether different UEs may have different reference numerologies or may not
· Specification supports multiplexing numerologies in TDM and/or FDM within/across (a) subframe duration(s) from a UE perspective



In addition to the above agreements also the following working assumption has been made [1].
	Working assumption:
· Alignment within a subframe
· Symbol level alignment across different subcarrier spacings with the same CP overhead is assumed within a subframe duration in a NR carrier



Thus, within a sub-frame the symbol boundaries of scaled numerologies from the same CP family need to be aligned.

Regarding the reference numerology, there are two options that are discussed in the following two sub-sections, either one could allow multiple reference numerologies or one could restrict NR to just have a single one.

2.1 Option 1: Multiple reference numerologies 
The supported sub-carrier spacings in NR are SCS = 2^m with m = (-2, -1, 0, 1, 2, 3, 4, 5), [1]. A SCSred selected from this set must fulfill the following conditions:
  
· The sub-frame durations must be exactly 1ms * 2^(-m)
· The number of symbols that fit into a sub-frame must be the same for all chosen SCSref.
· Symbol durations across scaled numerologies (with the same CP overhead) need to be symbol aligned 

If the LTE/NCP numerology shall be used for 15 kHz SCS, the three conditions above cannot always be fulfilled all together. This is illustrated below for the case of SCSref = 60 kHz, in which the sub-frame duration must be 0.25 ms. The upper scheme in Figure 1 represents the LTE/NCP to be used at 15 kHz. Only two sub-frames (7 symbols) are illustrated. The middle scheme shows the SCS = 30 kHz and the bottom one illustrates the reference SCS of 60 kHz. All symbols across these numerologies are designed to maintain symbol level alignment. The problem is then seen for the reference SCS = 60 kHz: Due to the non-uniform symbol duration of LTE/NCP, the length of the sub-frames becomes ambiguous and neither of them is exactly 0.25 ms. 
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Figure 1 – Ambiguous sub-frame lengths for SCS = 60 kHz or larger when having symbol level alignment and LTE/NCP for SCS = 15kHz

Observation 1: If LTE/NCP is used for SCS=15kHz and symbol level alignment across scaled numerologies is maintained, SCS from 60kHz or larger cannot be selected as a reference numerology, since the sub-frame length becomes ambiguous and is different from 1ms*2^(-m).

A solution to the above problem is to change the symbol structure for the reference SCS. The reference SCS could always employ a scaled LTE/NCP symbol structure, with “scaled” it is meant that symbols are stretched or compressed with 2^(-m), where 2^m defines the scaling of the sub-carrier spacing. 
This would ensure that the sub-frame duration always is exactly 1ms * 2^(-m). The symbol structures for other SCS are then designed to maintain symbol-level alignment. This is illustrated below for a SCSref = 60 kHz. The SCS of 30 kHz is shown in the middle part of the figure below. Its symbol structure is represented by the sequence [L,S,S,L,S,S,S] where L means a slightly longer symbol and S a slightly shorter symbol.
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Figure 2 – Using compressed LTE/NCP symbols structure for reference SCS of 60 kHz. This gives sub-frames of exactly 0.25 ms. Symbol structure for other numerologies is designed according to symbol alignment requirement

The drawback of the above approach becomes visible when another SCS is used as the reference sub-carrier spacing: the symbol structure that has to be used for a certain sub-carrier spacing depends on the chosen reference sub-carrier spacing. If, for instance, SCSref =120 kHz, then, the symbol structure for SCS of 30 kHz is different compared to the case when SCSref = 60 kHz. This is illustrated in Figure 3 below. It can be seen that the symbol structure for the SCS = 30 kHz now is [L,L,S,L,S,L,S] which is different from SCS =30 kHz when [L,S,S,L,S,S,S] when SCSref = 60 kHz.  
[image: ]Figure 3 - Using compressed LTE/NCP symbols structure for reference SCS of 120 kHz. This gives sub-frames of exactly 0.125ms. Symbol structure for other numerologies is designed according to symbol alignment requirement

Observation 2: The symbol structure for a certain SCS depends on the chosen SCSref. If N different values are possible for SCSref, then also N different symbol structures need to be defined for each SCS.    

The above observation shows the extremely increased complexity for the design of symbol structures when multiple reference SCS are allowed. Having in mind that reference numerology is only used to provide a sub-frame length as timing reference, the increased complexity for having multiple SCSref outweighs it benefits.

Therefore, following proposal is made:

Proposal 1: NR should adopt a single numerology as reference numerology
   
2.2 Option 2: Using a single reference numerology 
From Observation1 it can be concluded that when a SCS of 60 kHz or larger is used as the reference, then LTE/NCP cannot be employed as symbol structure for SCS = 15 kHz. But this scenario shall be avoided and would also break against the working assumption made in [2]
	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



Therefore, there are two candidate SCS that can be used as reference numerology, 15 kHz or 30 kHz. Using SCSref = 15kHz, gives sub-frames of length 1 ms, the same sub-frame duration as used in LTE. Therefore, we propose to use the sub-carrier spacing of 15 kHz with the symbols structure of LTE/NCP as the reference numerology.   

Proposal 2: NR should adopt SCS = 15 kHz as reference sub-carrier spacing and shall employ the LTE/NCP symbol structure 

The symbol structure for the other SCS is then designed such that symbol level alignment is kept. When going from the reference of 15 kHz to higher sub-carrier spacings, the shorter symbols (e.g. symbols 1-6 for NCP) are proposed to be split into two equally long symbols, and the longer symbol (e.g. symbol 0 for NCP) is split into two parts such that the second part gets the same length as the other symbols for this SCS and the first parts remains longer. This is illustrated below in figure 4 for the SCS of 15 kHz (SCSref), 30 kHz and 60 kHz.
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Figure 4 – Designing the symbol structure for symbol level alignment, starting from the NCP reference numerology at SCSref = 15 kHz
     
When going from SCSref = 15 kHz to 7.5 kHz and 3.75 kHz, the duration of the symbols at lower SCS is obtained by adding the durations of the two corresponding symbols of the higher SCS. This is illustrated in Figure 5 below.
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Figure 5 – Designing the symbol structure for symbol level alignment for SCS = 7.5 kHz and SCS = 3.75 kHz, starting from the NCP reference numerology at SCSref = 15 kHz

Proposal 3: The symbol structure for SCS other than the SCSref shall be designed to maintain symbol level alignment across scaled numerologies within the same CP family, such that
· Adopt NCP for SCSref = 15kHz
· For SCS larger than SCSref
· When going to the next larger SCS, split the “shorter” symbol duration “Ts_lowSCS” of the numerology with lower SCS into two symbols of equally long duration, Ts_highSCS = 0.5Ts_lowSCS
· Split the “longer” symbol duration “Tl_lowSCS” of the numerology with the lower SCS into two symbols where the duration of the second one equals the splitted shorter symbol duration “Ts_highSCS” and the duration of the longer symbol becomes Tl_highSCS = Tl_lowSCS-Ts_highSCS    

· For SCS smaller than SCSref, the symbol durations for the lower SCS are obtained by adding the durations of the two corresponding symbols of the higher SCS 

The symbol durations for different SCS are summarized in Table 1 below, please note that symbol 0 can have two different durations, due to the symbol alignment across scaled numerologies. 

	
	Symbol number
	

	SCS [kHz]
	0
	1
	2
	3
	4
	5
	6
	Comment

	3.75
	T1+3T
	T1+3T
	4T
	T1+3T
	4T
	T1+3T
	4T
	

	7.5
	T1+T
	2T
	2T
	T1+T
	2T
	2T
	2T
	

	15
	T1
	T
	T
	T
	T
	T
	T
	Reference numerology
T1 = 71.875 us, T = 71.354 us 

	30
	T2-T/2,T/2
	T/2
	T/2
	T/2
	T/2
	T/2
	T/2
	T2 = T1 - T/2

	60
	T3,T/4
	T/4
	T/4
	T/4
	T/4
	T/4
	T/4
	T3 = T2 - T/4

	120
	T4,T/8
	T/8
	T/8
	T/8
	T/8
	T/8
	T/8
	T4 = T3 - T/8

	240
	T5,T/16
	T/16
	T/16
	T/16
	T/16
	T/16
	T/16
	T5 = T4 - T/16

	480
	T6,T/32
	T/32
	T/32
	T/32
	T/32
	T/32
	T/32
	T6 = T5 - T/32


Table 1 – Symbol durations for the different SCS supported by NR, based on the 15 kHz/NCP reference numerology 



3. Summary
Following observations and proposals have been made:

Observation 1: If LTE/NCP is used for SCS=15kHz and symbol level alignment across scaled numerologies is maintained, SCS from 60kHz or larger cannot be selected as a reference numerology, since the sub-frame length becomes ambiguous and is different from 1ms*2^(-m).
Observation 2: The symbol structure for a certain SCS depends on the chosen SCSref. If N different values are possible for SCSref, then also N different symbol structures need to be defined for each SCS.    

Proposal 1: NR should adopt a single numerology as reference numerology

Proposal 2: NR should adopt SCS = 15 kHz as reference sub-carrier spacing and shall employ the LTE/NCP symbol structure 

Proposal 3: The symbol structure for SCS other than the SCSref shall be designed to maintain symbol level alignment across scaled numerologies within the same CP family, such that
· Adopt NCP for SCSref = 15kHz
· For SCS larger than SCSref
· When going to the next larger SCS, split the “shorter” symbol duration “Ts_lowSCS” of the numerology with lower SCS into two symbols of equally long duration, Ts_highSCS=0.5Ts_lowSCS
· Split the “longer” symbol duration “Tl_lowSCS” of the numerology with the lower SCS into two symbols where the duration of the second one equals the splitted shorter symbol duration “Ts_highSCS” and the duration of the longer symbol becomes Tl_highSCS=Tl_lowSCS-Ts_highSCS    

· For SCS smaller than SCSref, the symbol durations for the lower SCS are obtained by adding the durations of the two corresponding symbols of the higher SCS 
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