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Introduction
In RAN1#86, the following CP length discussions was agreed,
· RAN1 should strive for a common framework, including for example structure of synchronization signals, for initial access
· More specifically, especially within a group of frequency bands in the frequency range, RAN1 should strive for an unified framework covering
· Single beam based and multi-beam based deployments
· TDD and FDD operations
· Different/mixed numerologies
· Standalone and non-standalone operations
· Licensed band and unlicensed band operations
· FFS: mMTC use case
· RAN1 should take at least following requirements into account to design initial access
· Providing at least following functionalities
· Detection of NR cell and its ID
· Note: In this context, NR cell corresponds one or multiple TRP(s)
· Initial time/frequency synchronization to the cell
· Providing necessary information for random access
· Providing sufficient number of the identity values to allow deployment flexibility
· FFS: supporting efficient mobility
· FFS: supporting efficient inter-RAT measurement
· Reducing the frequency hypothesis UE needs to search for compared to LTE
· FFS: detecting beam ID(s)
In this contribution, we discuss the considerations of the numerology design for NR.

Consideration of NR Numerologies 

The considerations of NR numerologies in the system design should consider the system bandwidth, the subcarrier spacing, the cyclic prefix length, the time interval in the frame structure, and the implementation constraints, such as sampling rate and FFT engine. The scalability would simplify the system operation with wide range of system bandwidth and carrier frequency.  The design of the NR system numerologies should be flexible with the scalability and less constraint in the implementation.  
It is expected to have multiple OFDM numerologies for wide range of system bandwidths in diverse carrier frequency up to 100 GHz.   In RAN1#84bis, it was also agreed that the numerologies would be band agnostic as follows, 
· 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
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It was agreed in RAN1#84bis that the largest component carrier bandwidth is not smaller than 80 MHz.  The maximum system bandwidth of the NR system in the typical eMBB deployment scenarios in [2] is ranged from 20 MHz for 700 MHz carrier frequency to 1GHz for 30 GHz and 70 GHz carrier frequencies.  The typical eMBB deployment scenarios are summarized in Table 1.  The consideration of the largest component carrier bandwidth should be the sampling rate in the digital processing and the possible parallel processing.  For larger system bandwidth, such as 1GHz, a large component carrier bandwidth requires higher sampling sate and trunking efficiency but less number of carriers in carrier aggregation.  If the component carrier is too small, the spectrum becomes fragmented and low trunking efficiency but relatively lower sampling rate.   Thus, the largest component carrier bandwidth should be moderately large for sufficient trunking efficiency.   
The other consideration of the component carrier bandwidth is the scalability and the implication to the FFT engine for OFDM waveform.  If the component carrier bandwidth is scaled with power of 2 from 20 MHz system bandwidth, the LTE FFT engine could be reused or extended.  If the scaling factor is not power of 2, a composited FFT engine would be required.  The composited FFT engine increases the complexity and the cost of NR system implementation.  Thus, the component carrier system bandwidth for NR system is proposed to be scaled with power of 2 from the 20 MHz system bandwidth.  The family of component carrier bandwidth should be {20, 40, 80, 160, 320} MHz.  
 
Table 1 Summary of typical eMBB deployment scenarios (TR38.913)
	Deployment scenarios
	Indoor hotspot
	Dense Urban
	Rural
	Urban macro
	High speed

	Carrier freq. 
	4GHz,
30GHz,
70GHz,
	4GHz,
30GHz
	700MHz,
2GHz,
4GHz
	2GHz
4GHz
30GHz
	Macro 4GHz
BS-Relay: 4GHz/30GHz
Relay-UE: 4GHz/30GHz/70GHz

	Max System BW
	1GHz BW @30GHz
1GHz BW@70GHz
200MHz BW@4GHz
	1GHz BW@3GHz
200MHz BW@4GHz
	20MHz BW@700MHz
200MHz BW @4GHz
	200MHz BW@4GHz,
1GHz BW@30GHz
	200MHz BW@4GHz
1GHz BW@30GHz/70GHz

	UE speed
	3km/h
	3km/h for indoor
30km/h for outdoor
	120km/h for outdoor
3km/h for indoor
	30km/h for outdoor,
3km/h for indoor
	500km/h



Proposal 1: 	The component carrier system bandwidth for NR system is scaled with power of 2 from the 20 MHz system bandwidth with maximum component carrier bandwidth of 320 MHz.  The family of component carrier bandwidth should be {20, 40, 80, 160, 320} MHz.  
Subcarrier Spacing, CP Length, and FFT Engine
The OFDM numerologies are selected to target the NR system in variable deployment scenarios. The subcarrier spacing, the OFDM symbol length and CP length are the primary consideration of the OFDM numerologies in the NR system design.  The other considerations in the NR OFDM waveform numerologies are the scalability, the backward compatibility of sampling rate, and the implementation complexity, such as FFT engine. 
· CP length
The CP length is designed to cover the typical wireless channel delay spread and propagation delay to minimize the inter-channel interference in the target deployment scenarios. The propagation delay is the function of the coverage area of a single cell for unicast traffic.  The propagation delay would extend to multi-cell coverage area for SFN type operations for multicast and broadcast services.  The CP length would be longer.  Extended CP is also used for multicast and broadcast service.  In the higher frequency, the delay spread will be significantly smaller than the wide area deployment in lower frequency.   The delay spread is smaller than 1us or even 0.2us.. Therefore the CP length can be significantly reduced to keep the CP overhead reasonable in a short OFDM symbol duration case. 

· Subcarrier spacing and OFDM symbol length
The criteria of selecting subcarrier spacing include the backward compatible sampling rate, the scalability, and the phase noise caused by frequency error.  In LTE, the subcarrier spacing of 15 kHz was selected to have sampling rate 30.72 Ms/sec to backward compatible to 3.84 Ms/sec of UMTS/HSPA network to facilitate the implementation in the multi-RAT deployments.   The backward compatible subcarrier spacing in NR will also simplify the LTE/NR carrier aggregation in the non-standalone NR system deployment as the initial phase of the NR system design.   
The scalability of the subcarrier spacing would simplify the implementation when wide range of component carrier bandwidths and carrier frequencies are supported in the NR system.  Both the UE and the network could use the same set of function to scalability for different the system configurations.  
The subcarrier spacing should be sufficiently large to avoid the inter-channel interference (ICI) caused by the frequency error.  The frequency error is the results of frequency instability of local oscillator and the Doppler effect.  The degree of frequency error is derived from the Doppler effect, which is in proportion to the carrier frequency.    
In RAN1#85, working assumptions were made in the following
· 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

The subcarrier spacing of 15 kHz or multiple of 15 kHz with scaling factor of power of 2 is to backward compatible with the sampling rates of LTE and HSPA.  Both backward compatible and scalability are important in reducing the implementation complexity.  Since NR system will define a new frame structure, the scalability should be considered in the new frame structure.   While the frame structure of the NR system is designed to have 71.48 us mini-frame in meeting the URLLC 0.5 ms latency requirements [4], the scalability with power of 2 in the time interval could be easily achieved without the concern on 1 ms boundary.   Thus, 15 KHz subcarrier spacing could achieve the backward compatibility in sampling rate of OFDM waveform and the scalability.  

Proposal 2:  Confirm the working assumption of the subcarrier spacing of 15 kHz with the scalability of power of 2.  

The subcarrier spacing for OFDM system should be carefully selected considering the inter-subcarrier interference mitigation as well as FFT complexity reduction. To mitigate the inter sub-carrier interference; the subcarrier spacing should be sufficient large to minimize the effect of the frequency error.  In LTE system, the tolerance of the frequency error is less than 5% with adequate system performance.  The frequency error tolerance is computed based on the maximum frequency error caused by Doppler effect (fD) over the subcarrier spacing (△f) is around 0.65kHz/15kHz = 0.043, which assumes maximum 350km/h moving speed @2GHz carrier frequency.  In NR system design, the ratio of frequency error should also be kept as lower than 5% to guarantee the performance.  Table 2 shows the proposed subcarrier spacing for NR system in selected eMBB scenarios from Table 1 and assumes.   

Table 2 Potential subcarrier spacing for 5G new radio following LTE experience
	
	LTE
	5G
	5G
	5G
	5G
	5G
	5G
	5G

	Carrier frequency
	2GHz
	4GHz
	4GHz
	4GHz
	30GHz
	30GHz
	30GHz
	70GHz

	Maximum UE speed
	350km/h
	30km/h
	100km/h
	500km/h
	30km/h
	100km/h
	500km/h
	30km/h

	Doppler freq (fD) kHz
	0.65
	0.12
	0.38
	1.86
	0.84
	2.79
	13.95
	1.95

	fD /△f 
	0.043
	0.008
	0.0248
	0.12/0.03
	0.056/0.016
	0.188/0.047
	0.24/0.058
	0.033/0.008

	Sub carrier spacing
(△f) kHz
	15
	15
	15
	15/60
	15/60
	15/60
	60/240
	60/240



It can observe from Table 2 that large subcarrier spacing is needed for high mobility (500 km/h) or higher carrier frequency (30 GHz and 70 GHz.  The subcarrier spacing of 60kHz can be required in the lower frequency case with high speed (i.e. 500km/h @4GHz) as well as the medium frequency case with medium speed (e.g. 100km/h @30GHz, or 30km/h @ 70GHz).   Additional subcarrier spacing of 240kHz can be required in the extreme case, i.e. BS to relay communication in the high speed train scenario using 30GHz carrier frequency, as captured in TR38.913. Additional large subcarrier spacing is also beneficial in general to reduce the FFT complexity for large component carrier bandwidth such as 320MHz. 

The design of the scaling factor should take into the following factors into consideration.  

· Realistic phase noise
· How each alternative allows mixing different numerologies
· The number of numerologies needed for NR for carrier frequency up to 100 GHz

The realistic phase noise was caused by frequency instability of local oscillator and the Doppler effects.  The phase noise is the source of the frequency error at the receiver.  If the scaling factor of the subcarrier spacing is the power of 2, the FFT engine could be reused if system bandwidth is also scaled with power of 2 as discussed in section 2.1.  For example, the subcarrier spacing of 240 kHz (16*15kHz) could be used for the system bandwidth of 320 MHz (16*20 MHz) with same 2048 FFT engine.   The subcarrier spacing of 60 kHz could be used for lower carrier frequency (e.g., 4 GHz) with system bandwidth of 20 MHz with 512 FFT engine comparing to 2048 FFT engine with 15 kHz subcarrier spacing.  The scalability of power of 2 in subcarrier spacing and system bandwidth could simplify the implementation of NR system.  

Proposal 3: 	 The scaling factor of subcarrier spacing should be power of 2 to the basic subcarrier spacing.  No additional scaling factor should be considered.   

Additional subcarrier spacing is designed to battle the phase noise caused by frequency instability of local oscillator and the Doppler effects.  One additional consideration of large subcarrier spacing is the fragmentation of the system bandwidth.  It was agreed that the largest system bandwidth for NR would be no smaller than 80  MHz .   If the frequency resource is partitioned for large system bandwidth in the same way as that of smaller system bandwidth, the system bandwidth would become fragmented and the trunking efficiency would be reduced.    Large subcarrier spacing should apply to large system bandwidth for system trunking efficiency.   This would also reduce the complexity in the implementation by scale the FFT engine to the proper level for large system bandwidth.   The number of subcarrier spacing supported in NR should be limited to minimize the system complexity and UE complexity.   Thus, we propose to have 3 sets of subcarrier spacing with associated system bandwidth to minimize the complexity in the network and UE implementation.  


Proposal 4: 	 Three set of subcarrier spacing 15 kHz, 60 kHz, and 240 kHz is supported for NR.   

The Set of NR Numerologies

Based on the discussion aforementioned, we propose three sets of OFDM numerologies with power of 2 scalability in subcarrier spacing, system bandwidth and mini-frame time interval as shown in Table 3.
Table 3:  Complete set of NR numerologies
	
	CATT

	
	Set 1
	Set 2
	Set 3

	Subcarrier  spacing 
	15 kHz
	60kHz
	240 k Hz

	Component Carrier Bandwidth (MHz)
	1.4, 3, 5, 10, 20 MHz
	20, 40, 80 MHz
	20, 40, 80, 160,320 MHz

	OFDM symbol length (us)
	66.67us
	16.67us
	4.17 us

	Cyclic prefix 
	~4.8 us
	~1.2 us
	~0.3 us

	Number of OFDM Symbols per subframe
	1
	4
	16

	Subframe Length (ms)
	0.0715 ms 
	0.0715 ms
	0.0715 ms

	Frame Length (ms) 
	10 ms
	10 ms
	10 ms

	Note
	FFT Size
	128, 256, 512, 1024, 2048
	512, 1024, 2048
	128, 256, 512, 1024, 2048

	
	Carrier Frequency
	Lower frequency, wide coverage
(e.g. 2GHz)
	Low to Medium freq
(4GHz~30GHz)
	Medium to High frequency
(≥30GHz)

	
	UE Speed
	Up to 350km/h @~2GHz
	Up to 500km/h @~4GHz
Up to 100km/h @30GHz
	Up to 500km/h @ ~30GHz
Low to medium speed @ freq>30GHz



Conclusion
In this contribution, we discuss the design principle of NR numerologies.  We propose
· Proposal 1:  The component carrier system bandwidth for NR system is scaled with power of 2 from the 20 MHz system bandwidth with maximum component carrier bandwidth of 320 MHz.  The family of component carrier bandwidth should be {20, 40, 80, 160, 320} MHz.  
· Proposal 2: Confirm the working assumption of the subcarrier spacing of 15 kHz with the scalability of power of 2.  
· Proposal 3: The scaling factor of subcarrier spacing should be power of 2 to the basic subcarrier spacing.   No additional scaling factor should be considered.     

· Proposal 4:  Three set of subcarrier spacing 15 kHz, 60 kHz, and 240 kHz is supported for NR.   


In order to efficiently support for difference use cases, three sets of OFDM parameters are specified for the NR as shown in Table 3. 
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