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1. Introduction
A wide range of deplyment scenarios and requirements were defined in TR 38.913 [1] for the next generation new radio access. The carrier frequency ranges from 700 MHz to 70 GHz while the system bandwidth ranges from 20 MHz to 1 GHz. In this contribution, we highlight the important factors that need to be taken into consideration when designing the numerology for “a single air interface fulfilling all 3GPP requirements for all usage scenarios, applicable in all identified spectrum” [2] and also give some examples for the scenarios we consider as having higher priority.
2. Numerology Considerations for New Radio
OFDM-based modulation/multiplexing with Cyclic Prefix (CP) was adopted in LTE. Going forward, we expect this basic waveform architecture to remain in the next generation radio access due to its ability to achieve excellent performance in wireless channel with simple equalization. There have been many new waveform proposals such as those listed in one of our other contributions [3]. These new waveforms are mostly variations of LTE OFDM/SC-FDMA architecture. Therefore, the set of numerology parameters such as CP length, symbol length (or sub-carrier spacing equivalently) guard band and sampling rate will remain largely the same. It is mainly the values of those parameters that need to be re-defined for the many deployment scenarios. Potential changes may include the replacement of CP with a guard interval or the introduction of more choices for CP length including the special case of zero CP.
From the system perspectives, different deployment scenarios lead to different requirements in waveform numerologies. For example, depending on the availability of the spectrum, the numerology needs to support various system bandwidths. Also, when considering Macro cell or SFN environment, UEs may experience longer channel delay profile, and thus the waveform would require longer CP length. On the other hand, when considering small cell environment, shorter CP length may be preferred in order to reduce signal overhead. For fast fading channel condition, such as in a high speed train, larger subcarrier spacing could help combat inter-carrier-interference caused by Doppler Effect, while for slow fading channel, smaller subcarrier spacing can be used. Note that given the same system bandwidth, larger subcarrier spacing corresponds to a shorter OFDM symbol, while smaller subcarrier spacing corresponds to longer OFDM symbol. Resource block granularity should also be catered according to different services. For example, in IoT like applications, smaller resource block size is preferred to handle large amount of users, each requires only minimum rate support. To accommodate these different requirements in the same radio resource, we need to have a scalable set of numerologies, each catered for different deployment scenarios and services.
From the device perspectives, the set of numerologies should be designed such that each set member has simple numerical relationship with other members in order to reduce the complexity in UE implementation. It is also important to consider UEs which need to support both the new set of numerologies and legacy LTE system. As an example, both subcarrier spacing and OFDM symbol duration (including CP) could be chosen to have simple integer multiple relationships with the LTE counterparts to allow easier UE implementation. Another consideration is the size of FFT corresponding to an OFDM symbol. Specifically, when the system bandwidth increases, the FFT size increases proportionally, assuming fixed subcarrier spacing. OFDM with large FFT size not only increases the receiver complexity, but also introduces large PAPR. This results in implementation issues not only on the UE side, but on the BS side as well. 
The followings are some examples based on these considerations for the two deployment scenarios we consider as having higher priority. 

3. Dense Urban and Urban Macro
As stated in [4], we believe the dense urban and urban macro deployment scenarios should be prioritized for study. The delay spreads in these scenarios under 6 GHz are shown in Table 1 [5].
Table 1: delay spread for dense urban and urban macro below 6 GHz 

	Scenario
	Line of Sight (max)
	Non Line of Sight (max)
	Inter-site Distance

	Urban Macro
	640 ns
	1885 ns
	500 m

	Dense Urban (UMi)
	420 ns
	730 ns
	200 m


For urban macro with a maximum delay spread of 1885 ns, the numerology can remain the same as LTE. For dense urban, on the other hand, we can shorten the symbol length to one fourth or one fifth of that of LTE while still maintaining the same CP overhead ratio since the maximum delay spread is only 730 ns. Shorter symbol length translates to larger sub-carrier spacing and therefore smaller FFT size for a given system bandwidth. Shorter symbol is also more robust to larger Doppler spread resulting from increase of carrier frequency from 2 to 6 GHz or even 30 GHz. 
Table 2 summarizes the key parameters of a set of exemplary numerologies for urban macro and dense urban deployment scenarios. The TTI length and the number of symbols in a TTI are both scaled proportionally from LTE. More on our views of frame structure can be found in [6].
Table 2: exemplary Numerologies for Urban Macro and Dense Micro

	Scenario
	Subcarrier Spacing (KHz)
	OFDM Symbol (μs )
	CP (μs)
	Symbols per TTI
	TTI  (ms)

	Format 0

Urban Macro
	15
	66.67
	4.69/5.21
	14
	1

	
	
	
	16.67
	12
	

	Format 1

Dense Urban 1
	60
	16.67
	1.17/1.30
	14
	0.25

	
	
	
	4.17
	12
	

	Format 2

Dense Urban 2
	75
	13.33
	0.94/1.04
	14
	0.2

	
	
	
	3.33
	12
	



The shortening of symbol length to one fourth or one fifth of that of LTE also allows the numerology to operate in higher carrier frequency. For a vehicle moving at a speed of 30 kmph, Table 3 shows the ratio between symbol length and coherent time for different carrier frequencies. As can be seen, even at 30 GHz, the symbol length for either formats 1 or 2 is still a very small fraction of the channel’s coherent time.

Table 3: symbol length versus coherent time at 30 kmph vehicle speed

	Carrier frequency
	Maximum Doppler spread
	Coherent time (1/Doppler spread)
	Ratio btw symbol length & coherent time

	
	
	
	Format 1
	Format 2

	6 GHz
	±166.7 Hz
	3 ms
	1:180
	1:225

	30 GHz
	±833.3 Hz
	0.6 ms
	1:36
	1:45



The clock rate of LTE is 30.72 MHz for 20 MHz system bandwidth with an over-sampling rate of 1.536 and the resulting number of samples in an OFDM symbol is 2048. When the symbol length is shortened or the bandwidth is changed, the clock rate needs to be adjusted accordingly to ensure adequate over-sampling factor and that FFT sizes are friendly to implement, as shown in Table 4. Long symbol (small sub-carrier) in large system bandwidth leads to large FFT size. Contiguous aggregation of component carriers with narrower bandwidth (e.g. 20 MHz) can be used to convert one large FFT size to several smaller ones.
Table 4: clock rates yielding power of 2 FFT sizes for different system bandwidths
	System bandwidth
	20 MHz
	80 MHz
	160 to 200 MHz

	Format
	Format 0
	Format 1
	Format 2
	Format 0
	Format 1
	Format 2
	Format 0
	Format 1
	Format 2

	clock rate (MHz)
	30.72
	30.72
	38.4
	122.88
	122.88
	153.6
	245.76
	245.76
	307.2

	FFT size
	2048
	512
	512
	8192
	2048
	2048
	16384
	4096
	4096


4. Conclusion
In this contribution, our views on the numerology design considerations were presented. We believe that to support the wide range of deployment scenarios under a single next generation radio access technology framework, a set of well harmonized numerologies should be designed considering both system and device perspectives. Based on the discussion, we have the following proposals:
Proposal 1: A set of OFDM-based numerologies supporting all the deployment scenarios should be studied, including one that is backward compatible with LTE and one tailored to dense urban with sub-carrier spacing of 60 or 75 kHz. 
Proposal 2: The design should consider the system aspects such as cyclic-prefix overhead, resource block granularity as well as the device implementation aspects such as FFT size, clock rate, etc.
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