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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]Based on the agreed way forward on NR numerology [1], values of subcarrier-spacing are derived from a particular value of subcarrier-spacing multiplied by N. 15kHz, 17.5kHz, 17.06kHz and 21.33kHz are considered as base subcarrier spacing candidates [1]. This paper mainly analyze numerology candidates from the following aspects:
· Impact on scalability
· Impact on frame structure
· Impact on legacy coexistence
Regarding the above aspects, 17.06/21.33kHz family are similar as 17.5kHz family with 2^M OFDM symbols. Furthermore, candidates of 17.06/21.33kHz family are more complex for reusing the hardware components of LTE due to the following:
· Cannot use FFT because the size is not 2^N: 1800 for 17.06kHz and 1440 for 21.33kHz
· The scaling factor to 15kHz is more complex:  853/750 for 17.06, 711/500 for 21.33kHz
In order to simplify the analysis, this paper focuses on the comparison between 15kHz family and 17.5kHz.

[bookmark: _Ref449373682]Impact on scalability 
Scalability by subcarrier spacing
As shown in Table 1, both 15kHz and 17.5kHz can easily scale subcarrier spacing down and up with scalable subframe length. Channelization design is simpler by keeping the number of symbols the same within a subframe independently of the subcarrier spacing.
Flexible CP length:
As shown in Table 1, 15kHz family flexibly support scenarios with different delay spread by NCP and ECP. While, 17.5kHz can only have NCP, otherwise the number of symbols may not be 2^M.
Table 1 Examples of scalable numerology
	
	15kHz family
	17.5kHz family

	
	NCP
	ECP
	NCP
	ECP

	Subcarrier spacing (kHz)
	15
	30
	60
	15
	30
	60
	17.5
	35
	70
	17.5
	35
	70

	CP length(us)
	(5.2, 4.69)
	(2.6, 2.34)
	(1.3, 1.17)
	16.67
	8.33
	4.17
	5.36
	2.68
	1.34
	14.29*
	7.14*
	3.57*

	Subframe duration(ms)
	0.5
	0.25
	0.125
	0.5
	0.25
	0.125
	Power of 2 subframes per 1ms
	Power of 2 subframes per 1ms

	No. of symbol per Subframe*
	7
	6
	2^M
	Not 2^M


*Example values.

Alignment of symbol boundaries of multiple numerologies
When multiple numerologies are applied to the same band and frequency range [2], alignment of symbol boundaries is good for symbol level processing and DL/UL alignment.
· For 15kHz family, symbol boundaries of multiple numerologies are not aligned considering uniform subframe length including CP length as shown in Figure 1(a). However, the distance of symbol boundaries between multiple numerologies is only several Ts, such as 8Ts (0.26us) between 15kHz and 30kHz taking 20MHz bandwidth as example. For symbol level processing, it can be implemented using a very small buffer as illustrated in Figure 2. For DL/UL alignment, the distance is so small and almost could be ignored.
· For 17.5kHz family, symbol boundaries of multiple numerologies are aligned with uniform subframe length including CP length as shown in Figure 1(b).
[image: C:\Users\t51861\AppData\Roaming\eSpace_Desktop\UserData\t00274236\imagefiles\CE88F1AF-5AEC-438D-8E60-BE7C7B523907.png]         [image: C:\Users\t51861\AppData\Roaming\eSpace_Desktop\UserData\t00274236\imagefiles\62D2AB41-05B0-4E04-A45B-E0ECA364655E.png]
               (a)15kHz                                                                 (b) 17.5kHz
Figure 1 Examples of subframe structure for 15kHz family and 17.5kHz



Figure 2 Symbol level processing with small buffering for coexistence of multiple numerologies in one carrier for 15kHz family

Observation 1: For multiple numerologies coexistence in one carrier, symbol boundaries of 15kHz family are not aligned with several Ts distance but implementation can easily handle this issue. 

Impact on frame structure
Frame structure impact
From the frequency domain as shown in Figure 3 (a), the frequency bandwidth per resource block of 17.5kHz is wider than that of 15kHz assuming the same number of subcarriers per resource block, which may impact on the performance due to different precoding granularity in frequency domain [4].
From the time domain as shown in Figure 3(b), for 0.5ms subframe duration, typical TDD self-contained subframe have one GP symbol and one UL symbol, 17.5kHz provides 6 symbols for DL control, data and RS, while 15kHz provides 5 symbols. For 1ms subframe duration, 17.5kHz provides 14 symbols while 15kHz provides 12 symbols with the same assumption. From the design of the frame structure point of view, there is not much difference between 15kHz and 17.5kHz.


                                               
                            (a)  Frequency domain                                               (b) Time domain
Figure 3 Comparison of 15kHz and 17.5kHz for TDD self-contained suframe 
Observation 2:  From the design of the frame structure point of view, there is not much difference between 15kHz and 17.5kHz.
URLLC
To support URLLC with only 0.5ms low latency requirement defined in [3], shorter subframe duration than eMBB is preferred as listed in Table 2.  
Table 2 Examples of burst unit for URLLC with 15kHz family and 17.5kHz family
	
	15kHz family
	17.5kHz family

	Subcarrier spacing (kHz)
	30
	60
	17.5
	35
	70

	URLLC burst duration 
(unit: symbol)
	7 or 6
(250 μs)
	7 or 6
(125 μs)
	2 or 4
 (125 or 250 μs)
	4 or 8
(125 or 250 μs)
	 8 or 16
(125 or 250 μs)



Observation 3: 17.5kHz family can support URLLC by reducing OFDM symbol length or by reducing the number of OFDM symbols scheduled for a URLLC packets. For the 15kHz family it is preferred to reduce the OFDM symbol length and keep the number of symbols the same within the subframe to obtain the same channelization design independently of the subcarrier spacing used.
mMTC
[bookmark: _Ref450740065]As listed in Table 3, due to the limitation of CP, the sampling rate for 15kHz can be down to 30.72MHz/16=1.92MHz. While for 17.5kHz, the sampling rate can be down to about  35.84MHz/64=0.56MHz. However, higher sampling rate provides more accurate timing for PSS. Further more sampling rate and FFT complexity of narrow band system is not the dominant factor of system complexity.
Assuming narrow band system with 12 subcarriers, for data channel the FFT is applied at 1.92 MHz but then only the 12 subcarriers are retained from the FFT output. So, apart from the FFT, all the processing is really done at symbol rate instead of sampling rate, and in practice the FFT is just a small contributor to the overall complexity. Regarding the symbol rate,17.5kHz and 15kHz are similar in narrow band system.
[bookmark: _Ref450895650]Table 3 Sampling rate of narrow band mMTC with 15kHz family and 17.5kHz family
	
	Sampling rate
	CP (Ts)
	Symbol length (Ts)
	FFT complexity

	15kHz family
	1.92MHz
	10/9
	128
	896

	17.5kHz family
	0.56MHz
	3
	32
	160



Observation 4: For mMTC, higher sampling rate provides more accurate timing for PSS, and sampling rate and FFT complexity is not the dominant factor of system complexity

Legacy coexistence 
· Coexistence with NB-IOT 3.75kHz
· For 15kHz family
· For NR using 15kHz, the same as in LTE, NB-IOT does not interfere LTE, while LTE interferes NB-IOT. However, except the up to 7.5kHz guard band configured for NPRACH and NPUSCH with A/N, the actual evaluation of NB-IOT does not assume any guard between LTE and NB-IOT, because there is negligible impact on NB-IoT as long as the interfering LTE SNR was low enough, and then scheduling was assumed to handle the high SNR case. 
· [bookmark: OLE_LINK38]For NR using 30/60kHz, NB-IOT does not interfere NR, while NR interferes NB-IOT. However, with the use of filtering applied over OFDM in NR, the interference to NB-IoT will be reduced considerably.
· For 17.5kHz family
· For 17.5kHz and 35/70kHz, NB-IOT and NR interferes each other. To reduce the interference, one way is configuring guard band for NB-IOT and NR, and another way is neglecting the impact by scheduling with low SNR just like in LTE. The interference between 17.5kHz family and NB-IOT is larger than 15kHz family, and wider guard band or larger performance loss will be introduced.
· Coexistence with NB-IOT 15kHz
· For 15kHz family
· For NR using 15kHz, there is no interference between NR and NB-IOT.
· For NR using 30/60kHz, NB-IOT does not interfere NR, while NR interferes NB-IOT. However, with the use of filtering applied over OFDM in NR, the interference to NB-IoT will be reduced considerably.
· For 17.5kHz family
· For 17.5kHz and 35/70kHz, the similar as coexistence with NB-IOT 3.75kHz, the interference between 17.5kHz family and NB-IOT is larger than 15kHz family, and wider guard band or larger performance loss will be introduced.
Table 4 Summary of interfering between NR and NB-IOT
	NR Numerology
	NB-IOT with 3.75kHz
	NB-IOT with 15kHz

	15kHz
	Scheduling with negligible impact
	No interference

	30/60kHz
	Scheduling with negligible impact
	Scheduling with negligible impact

	17.5kHz
	Guard band or 
Scheduling with performance loss
	Guard band or 
Scheduling with performance loss

	35/70kHz
	Guard band or 
Scheduling with performance loss
	Guard band or 
Scheduling with performance loss



Observation 5: The interference between 17.5kHz family and NB-IOT is larger than that between 15kHz family and NB-IOT, and guard band or performance loss will be introduced for NR using 17.5kHz family than 15kHz family.
Coexistence with LTE TDD
In LTE Rel-8, there are lots of discussion on TDD adjacent frequency co-existence, especially for the alignment of GP for LTE TDD and TD-SCDMA [5]. This issue should be considered for NR TDD co-existence with LTE TDD as well. The GP of NR should cover the GP of the legacy system, otherwise interference to the legacy system may be introduced. As shown in Figure 5, to cover the GP of LTE, higher GP overhead is needed for NR using 17.5kHz than using 15kHz.


[bookmark: _Ref449366587]Figure 5 NR coexisting with LTE in adjacent carrier
[bookmark: _Ref129681832]Observation 6: NR using 17.5kHz family possibly need additional GP overhead than 15kHz for coexistence with LTE TDD.
Summary and conclusion
The comparison of 15kHz family and 17.5kHz family are summarized in Table 4, and considering the performance in [4] which shows 15kHz outperforms 17.5kHz family, 15kHz family subcarrier spacing is proposed for NR. 
Proposal 1: 15kHz family is proposed for the new radio.
[bookmark: _Ref450747623]Table 4 Summary of comparison between 15kHz family and 17.5kHz family
	
	
	15kHz based family
	17.5kHz based family

	Scalability 
	Scalability by subcarrier spacing
	Can easily scale subcarrier spacing down and up with scalable subframe length 
	Can easily scale subcarrier spacing down and up with scalable subframe length

	
	Flexible CP length
	ECP and NCP 
	NCP only, otherwise the value 2^M does not remain 

	
	Alignment of symbol boundaries of multiple numerologies
	Symbol boundaries are not always aligned every 2^M symbols. Implementation can easily handle the small misalignment and still enable symbol level processing
	Symbol boundaries are aligned every 2^M symbols, making it easier for symbol level processing and DL/UL alignment for coexistence of multiple numerologies. 

	Frame structure
	General
	More subcarriers in frequency domain but fewer OFDM symbols in time domain.  
Not much difference between 15kHz and 17.5kHz for frame structure design.
	Fewer subcarriers in frequency domain but more OFDM symbols in time domain.  
Not much difference between 15kHz and 17.5kHz for frame structure design.

	
	URLLC
	Support URLLC by reducing OFDM symbol length and keeping the number of symbols the same within the subframe
	Support URLLC by reducing OFDM symbol length or by reducing the number of OFDM symbols within a shorter subframe

	
	mMTC
	Regarding the different sampling rate, higher sampling rate provides more accurate timing for PSS, and sampling rate and FFT complexity is not the dominant factor of system complexity

	Legacy coexistence 
	Coexistence with NB-IOT 
	No interference with NB-IOT 15kHz
Scheduling with negligible impact with NB-IOT 3.75kHz
	Guard band or 
Scheduling with performance loss

	
	Coexistence with LTE TDD
	Easy to align with LTE TDD DL-UL GP
	Additional overhead to align with LTE TDD DL-UL GP
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