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Introduction
In RAN1#84bis, the following agreements were reached [1]:
Agreements
· 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
· Alt.1: Subcarrier-spacing values include 15 kHz subcarrier-spacing (i.e., LTE based numerology)
· Alt.2 Subcarrier-spacing values include 17.5 kHz subcarrier-spacing with uniform symbol duration including CP length
· Note: Other values are not excluded
· Note: other alternatives are not precluded
· FFS: exact value of a particular value and possible values of N
· The values of possible subcarrier-spacing will be further narrowed-down in RAN1#85
Agreements:
· RAN1 will continue further study and conclude between following alternatives in the next meeting
· Alt. 1:
· The subcarrier spacing for the NR scalable numerology should scale as
· fsc = f0 * 2m where
· f0 is FFS
· m is an integer chosen from a set of possible values
· Alt. 2:
· The subcarrier spacing for the NR scalable numerology should scale as
· fsc = f0 * M where
· f0 is FFS
· M is an integer chosen from a set of possible positive values
· All companies are requested to analyze/evaluate following aspects
· Realistic phase noise
· How each alternative allows mixing different numerologies
· All companies are requested to propose exact values of 
· f0, m, and M
Agreements:
· For the study of NR, RAN1 assumes that multiple (but not necessarily all) OFDM numerologies can apply to the same frequency range
· Note: RAN1 does not assume to apply very low value of subcarrier spacing to very high carrier frequency
In this contribution we will discuss the open issues listed in above agreements, such as scaling of subcarrier spacing, table of numerology sets and the particular value of subcarrier spacing.


Scaling of Subcarrier Spacing
The scaling factor of subcarrier spacing has two candidates, i.e. 2m and M. If signals of the two subbands with different subcarrier spacing are summed up in baseband, then their sampling rate should be unified to a large value by up sampling.  
If the scaling factor of subband1 and subband2 are 2m1 and 2m2 (m2>m1) respectively, and the two subbands have the same FFT size N, then the unified value of sampling rate can be f0*2m2*N, and only the subband1 should be up sampled. 
[bookmark: _GoBack]If the scaling factor of subband1 and subband2 are M1 and M2 respectively (M2>M1, M2 and M1 are coprime), and the two subbands have the same FFT size N, then the unified value of sampling rate should be f0*M1*M2*N, and both subband1 and subband2 should be up sampled.
Therefore, based on above discussions, the scaling factor M has potential higher complexity in term of up sampling. For this reason, we prefer the scaling factor 2m.
Proposal 1: The scaling of subcarrier spacing can be 2m.

The Particular Value of Subcarrier Spacing
As mentioned in the agreements, a particular value of subcarrier spacing, i.e. f0, should be defined, and other values of subcarrier spacing are N times of this value. The particular value of subcarrier spacing must be predefined as a single value, since this can reduce the standardization efforts.
As a basic subcarrier spacing of LTE, 15kHz has been justified in real deployment, thus the particular value of subcarrier spacing could be defined as a value equal or close to 15kHz. As values close to 15kHz, 17.5kHz and 17.07kHz were proposed for purpose of achieving 16 symbols per 1ms [2] [3] [4], which can be regarded as the modular design. As a variant of 17.5kHz, 17.07kHz can achieve 30.72Msps sampling rate with FFT size 1800, which can be aligned with sampling rate of 15kHz with FFT size 2048. For simplify, we categorize 17.5/17.07kHz into 17.xkHz family. In this section, we mainly compare 15kHz family and 17.xkHz family. 

Tables of 15kHz and 17.xkHz family
To compare them comprehensively, we first fill the table of numerology sets for 15kHz family and 17.xkHz family respectively.
Table 1: 15kHz family
	
	Set 1
	Set 2
	Set 3
	Set 4
	Set 5

	Subcarrier-spacing (kHz)
	15kHz
	30kHz
	60kHz
	120kHz
	240kHz

	Component carrier bandwidth (MHz)
	1.4~80MHz, flexible
	5~80MHz, flexible
	5~80MHz, flexible
	TBD
	TBD

	OFDM symbol length (µs)
	66.67
	33.33
	16.67
	8.33
	4.17

	CP length (µs)
	4.7 (NCP)
16.7 (ECP)*
	2.4 (NCP)
8.3 (ECP)
	1.2 (NCP)
4.1 (ECP)
	0.6 (NCP)
2 (ECP)
	0.3 (NCP)
1 (ECP)

	Nb of symbols / subframe
	7 (NCP)
6 (ECP)
	7 (NCP)
6 (ECP)
	7 (NCP)
6 (ECP)
	7 (NCP)
6 (ECP)
	7 (NCP)
6 (ECP)

	Subframe length (ms)
	0.5
	0.25
	0.125
	0.0625
	0.03125

	Frame length (ms)
	5
	2.5
	1.25
	0.625
	0.3125

	Note
	<6GHz
	<6GHz
	<6GHz or >6GHz
	>6GHz
	>6GHz


* The extended CP listed here comes from LTE defined extended CP, which is just an example.

Table 2: 17.xkHz family (Take 17.5kHz as example)
	
	Set 1
	Set 2
	Set 3
	Set 4
	Set 5

	Subcarrier-spacing (kHz)
	17.5kHz
	35kHz
	70kHz
	140kHz
	280kHz

	Component carrier bandwidth (MHz)
	1.4~80MHz, flexible
	5~80MHz, flexible
	5~80MHz, flexible
	TBD
	TBD

	OFDM symbol length (µs)*
	57.14*
	28.57
	14.29
	7.14
	3.57

	CP length (µs)*
	5.4*
	2.7
	1.3
	0.7
	0.3

	Nb of symbols / subframe
	8
	8
	8
	8
	8

	Subframe length (ms)
	0.5
	0.25
	0.125
	0.0625
	0.03125

	Frame length (ms)
	5
	2.5
	1.25
	0.625
	0.3125

	Note
	<6GHz
	<6GHz
	<6GHz and >6GHz
	>6GHz
	>6GHz


*The symbol length and CP length for 17.07kHz may be a little different from the listed values.
In order to further compare 15kHz and 17.xkHz family, in the left of paper, we analyze the comparison points requested in [3].

Performance comparison in qualitative way
For ease of qualitative comparison, we list the main comparison points in the following table.
Table 3: Summary of comparison between 15kHz and 17.xkHz family
	
	15kHz
	17.xkHz

	Subcarrier-spacing
	Smaller
	Larger 

	OFDM symbol length
	Larger
	Smaller

	CP length
	Smaller
	Larger


The advantages of 15kHz family and 17.xkHz family are extracted as follows:
· 15kHz family advantages:
· Better for frequency selective channel, due to smaller subcarrier spacing;
· Better for small overhead, due to small CP ratio (for NCP)
· CP ratio comparison between 15kHz (NCP) and 17.5kHz: 4.7/(66.67+4.7)=6.59% vs. 5.4/(57.14+5.4)=8.63%
· 17.xkHz family advantages:
· Better for large phase noise and Doppler scenario, e.g. high mobility scenario in 4GHz band, due to larger subcarrier spacing;
· Better for combating ISI, due to larger CP length;
From the listed advantages above, it is not easy to qualitatively compare performance between 15kHz family and 17.xkHz family, thus the evaluation may be necessary. 

Modular and scalability design comparison
In [3], it is requested to have a “data burst/symbol boundary alignment and scalability impact analysis”. In our understanding, data burst/symbol boundary alignment issue in a 7-symb subframe for 15kHz family may be non-uniform {4-3, 2-2-3} partitions. Since a data burst is a scheduling unit, the potential impact is latency. If we assume the average latency in URLLC is limited by maximum symbols number of data bursts, the 3-symb data burst will limit the average latency in URLLC. However, in a subframe (7-symb in our preference), there is only one time of 3-symb occurrence, i.e. probability of 3-symb is just 1/3 (2-2-3 partition for three data bursts). Thus the latency issue is not so critical. In extreme case, when 1-symb can be divided into control region and data region, the unitary data burst can be 1 symbol too, i.e. 2-2-2-1 partition. In this extreme case, the latency issue doesn’t exist.
In [3], it is requested to have a “modular vs. non-modular design complexity analysis”. In our understanding, standardization of non-modular subframe has slightly higher complexity than that of non-modular subframe. But compared with {4-4, 2-2-2-2} partition sets in 8-symb subframe, {4-3, 2-2-3} partition sets in 7-symb subframe just needs a litter more standardization effort.

Long CP comparison
In [2], two subcarrier spacing for long CP in 17.5kHz family were proposed as follows:
· 17.5kHz scalable numerology, 
· SCS = 8.75kHz, 8 symbols per slot, CP duration = 10.7us, CP overhead = 8.57% for large cell
· SCS = 4.375kHz, 4 symbols per slot, CP duration = 21.4us, CP overhead = 8.57% for MBSFN
The long CP can be obtained by scaling up, thus we can get the long CPs for 15kHz family. We compare the long CP between 15kHz family and 17.5kHz family in the following table.
Table 4: Long CP comparison with change of 15kHz family
	
	15kHz family (The scaled CP length)
	17.5kHz family

	Subcarrier-spacing (kHz)
	3.75kHz
	7.5kHz
	15kHz
	4.375kHz
	8.75kHz
	17.5kHz

	OFDM symbol length (µs)
	266.67
	133.33
	66.67
	228.57
	114.29
	57.14

	CP length (µs)
	18.8 (Long CP)
	9.4 (Long CP)
	4.7
	21.4 (Long CP)
	10.7 (Long CP)
	5.4

	CP overhead (ratio)
	6.6%
	6.6%
	6.6%
	8.6%
	8.6%
	8.6%


From above table, 15kHz family has smaller CP overhead, but 17.5kHz family is slightly more suitable for high mobility and wide area coverage scenarios.

Extended CP comparison
In [4], for 17.07kHz, a CP length supporting MBMS service was proposed, i.e. 15.63µs with 21.33kHz subcarrier spacing. In this case, the CP length is not scaled with symbol duration, which is different from the long CP. We compare the extended CP between 15kHz family and 17.07kHz family in the following table.
Table 5: Extended CP comparison
	
	15kHz family (reuse LTE parameter)
	17.07kHz family

	Subcarrier-spacing (kHz)
	7.5kHz
	15kHz
	21.33kHz

	OFDM symbol length (µs)
	133.33
	66.67
	46.88

	CP length (µs)
	33.3 (ECP)
	16.7 (ECP)
	15.63 (ECP)

	CP overhead (ratio)
	20%
	20%
	25%


From above table, similar with the long CP length case, 15kHz family has smaller CP overhead, but 17.07kHz family is more suitable for high mobility and wide area coverage scenarios.

Complexity comparison
The sampling rate of 15kHz is 30.72Msps with FFT size 2048, which is the same as LTE and a integer multiplier of the sampling rate of WCDMA. This can be regarded as a complexity reduction in hardware implementation. 17.5kHz family has higher sampling rate than 15kHz family, since sampling rate of 17.5kHz is 35.84Msps with FFT size 2048. On the other hand, 17.07kHz family can achieve 30.72Msps sampling rate, but FFT size 1800 is used, which will cause slightly higher complexity in FFT operations. In our view, the lower sampling rate or FFT complexity is an advantage of 15kHz family.

NB-IOT coexistence and LTE TDD coexistence comparison
Since 15kHz is the basic numerology of LTE, the coexistence of NB-IoT and TDD system has been discussed in LTE and the feasibility of coexistence has been approved. With considerable design of other subcarrier spacing in 15kHz family, this coexistence could be kept. Instead, we should study the coexistence issue for 17.xkHz family from start.

Summary of comparisons
Based on above analysis, 15kHz slightly shows advantages in complexity and NB-IOT/LTE TDD coexistence, but 17.xkHz slightly shows advantages in modular design and the long/extended CP. We don’t hold strong preference between 15kHz and 17.xkHz. But to relax standardization effort, the particular value of subcarrier spacing should be chosen from 15kHz or 17.xkHz, and our tables of numerology set (Table 1&2) can be considered.
Proposal 2: The particular value of subcarrier spacing should be chosen from 15kHz or 17.xkHz, and our tables of numerology sets (Table 1&2) can be considered.
On the other hand, generally subcarrier spacing and CP length share the same scaling to keep CP overhead constant. However, CP length is important in large delay spread scenario. Thus we propose the follows.
Proposal 3: The scaling of CP length can be 2-m, and the extended CP length in addition to the normal CP should be defined.

Conclusions
As conclusion, we have the following proposals:
Proposal 1: The scaling of subcarrier spacing can be 2m.
Proposal 2: The particular value of subcarrier spacing should be chosen from 15kHz or 17.xkHz, and our tables of numerology sets (Table 1&2) can be considered.
Proposal 3: The scaling of CP length can be 2-m, and the extended CP length in addition to the normal CP should be defined.
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