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1. Introduction 
In RAN Plenary #71, a new SI, Study on New Radio Access Technology [1], was approved. In the NR standardization, a phasing approach is considered, and forward compatibility is required between Phase I and Phase II as below. 

4.1
Objective of SI or Core part WI or Testing part WI

(2) The new RAT shall be inherently forward compatible

· It is assumed that the normative specification would occur in two phases: Phase I (to be completed in June 2018) and Phase II (to be completed in December 2019)

· Phase I specification of the new RAT must be forward compatible (in terms of efficient co-cell/site/carrier operation) with Phase II specification and beyond, and backward compatibility to LTE is not required
· Phase II specification of the new RAT builds on the foundation of Phase I specification, and meets all the set requirements for the new RAT. 

· Smooth future evolution beyond Phase II needs to be ensured to support later advanced features and to enable support of service requirements identified later than Phase II specification.
The NR should cover diverse applications and various use cases, such as eMBB, mMTC, and URLLC [2][3]. Some of these use cases will be covered by the Phase II specification. To cover them efficiently with the forward compatibility, careful consideration of “Numerology” in the NR should be undertaken in Phase I. 

In this contribution, we discuss numerology parameters existing in LTE/LTE-A, and potential numerology parameters for support of the forward compatibility and various use cases in the NR. 

2. Discussion on numerology parameters in LTE/LTE-A and NR 
In this contribution, the followings numerology parameters are considered: 
· Waveform 

· Subcarrier spacing 
· CP length 

· TTI 

2.1. Waveform 
In LTE/LTE-A, two waveforms have been used depending on link types. Since Rel-8, a multicarrier waveform (OFDMA) is used for downlink transmissions and single-carrier waveform (SC-FDMA) for uplink transmissions. In addition, a new link type, i.e. sidelink (or PC5), was introduced in Rel-12 for D2D use cases, and SC-FDMA is also used for the sidelink. It is well-known that the single-carrier waveform is power-efficient because of lower PAPR. This feature is very important particularly for the UE transmitter, and is thus suitable for the uplink and sidelink. 

In the NR, waveforms can be another parameter of numerology. For example, the NR can choose single-carrier-like waveform for operations in the higher frequency bands. The power-efficient single-carrier waveform may be also suitable for communications in the higher frequency bands which suffer from severe path loss. 
Moreover, additional filtering and/or windowing techniques can be applied to the waveforms. Such filtering/windowing techniques can reduce unwanted emission levels but lead to a loss in the orthogonality of subcarriers. The reduced unwanted emission will be effective for some scenarios, e.g. in-band emission reduction from the uplink [4] and sidelink [5] signals in the presence of RF impairments and non-ideal synchronization. Furthermore, such reduced unwanted emission may help enable more flexible setting of other numerology parameters. For example, in LTE/LTE-A, signals having different subcarrier spacing cannot be multiplexed simultaneously because of loss of subcarrier orthogonality and backward compatibility. As discussed in the next section 2.2, multiple values of subcarrier spacing may be introduced to optimize the flexibility and performance of the NR for the various use cases and the wide range of frequency. In such cases, signals with reduced unwanted emission may counteract the impact of loss of orthogonality. This feature may enable multiplexing of multiple signals having different values of subcarrier spacing with each other. 

Observation 1: Power-efficient waveforms will be required to be used in higher frequency bands which suffer from severe path loss. 

Observation 2: Reduced unwanted emission may enable more flexible numerology setting and multiplexing of multiple signals having different values of numerology parameter in the NR. 

2.2. Subcarrier spacing  
The current LTE/LTE-A specifies a 15-kHz subcarrier spacing for typical applications. It additionally specifies a 7.5-kHz subcarrier spacing which is intended to be used for MBMS downlink transmissions. Moreover, in Rel-13 NB-IoT, a 3.75-kHz subcarrier (or single tone) has been newly introduced for uplink transmissions. This narrower subcarrier spacing is helpful to achieve wider coverage for mMTC and other IoT use cases. 

Compared to LTE/LTE-A, the NR will need narrow subcarrier spacing for particular applications, e.g. mMTC use cases that require low cost and extended coverage, such as utility metering applications. 

The NR will be deployed over a very wide frequency range of up to 100 GHz [6]. Typically short delay spreads or broad coherence bandwidths can be observed in such higher frequency bands. This propagation characteristic implies that the NR may not need any narrow subcarrier spacing in the higher frequency bands. For example, the IEEE802.11 standard specifies a 5.15625-MHz subcarrier spacing for the 60 GHz OFDM WLAN system [7]. The value is approximately 344 times as wide as the LTE typical subcarrier spacing. Wider subcarrier spacing may be required to optimize the performance when a multicarrier-based waveform is applied to the NR in the higher frequency bands. 
Wider subcarrier spacing may also be suitable for other situations, such as V2X and high-speed use cases. For example, V2V and high-speed use cases have assumed relative vehicle speeds up to 500 km/h [8], where Doppler spread is not negligible and leads inter-carrier interference. Wider subcarrier spacing would help to moderate the impact of Doppler spread in such high-speed use cases. 
Observation 3: Narrower subcarrier spacing will be required to be used for some mMTC use cases in the NR. 

Observation 4: Wider subcarrier spacing will be required to be used in higher frequency bands and for high-speed use cases in the NR. 
2.3. CP length 
In LTE/LTE-A, two CP lengths are specified, i.e. normal CP and extended CP. The normal CP length is in a range of 4.7-5.2 sec for the 15-kHz subcarrier spacing, and is intended to be sufficient for typical scenarios in LTE/LTE-A. In addition, the extended CP length is 16.7 sec for the 15-kHz subcarrier spacing, and 33.3 sec for the 7.5-kHz subcarrier spacing. In the NR, such longer CP is also used for scenarios with larger multipath delay spreads, such as rural scenarios. 

As mentioned in Section 2.2, short delay spreads can be observed at higher frequency bands like millimeter wave. Moreover, communication coverage of the higher frequency bands will be typically small due to severe path loss. Shorter CP lengths may be sufficient in such conditions. Such short CP lengths will help directly improve spectral efficiency; how short may depend on the progress and outcome of channel modelling study [6]. 
Observation 5: Longer CP will be required to be used in scenarios with large delay spreads in the NR. 

Observation 6: Shorter CP will be required to be used in higher frequency bands with short delay spreads in the NR. 
2.4. TTI 
The existing LTE specifies 1 msec TTI which is equivalent to a subframe period. Moreover, to achieve low latency communications, TTI shortening may be useful. In Rel-14, latency reduction techniques have been studied and TTIs shorter than 1 msec has been considered in the LTE latency reduction study [9]. 
Low latency is still an important performance indicator in the NR for realizing the URLLC use cases, and so shorter TTI will be a solution to achieve low latency communications. 
Observation 7: Shorter TTI will be required to be used for URLLC use cases in the NR. 
To summarize the above discussion, Table I shows the relationship among the numerology parameters and their dependencies in LTE/LTE-A and the NR. 

Table I. Summary of numerology parameters in LTE/LTE-A and NR 
(Blue means additional considerations for the NR). 
	Numerology parameters
	Typical values (example) 
	Frequency-dependent values 
	Environment-dependent values 
	Use-case-dependent values 

	Subcarrier spacing 
	15 kHz 
	* Wider subcarrier spacing for higher frequency 
	* Wider subcarrier spacing for high-speed scenarios 
	* 7.5 kHz for MBMS downlink 
* 3.75 kHz for NB-IoT uplink 
* Narrower subcarrier spacing for mMTC use cases
* Wider subcarrier spacing for URLLC use cases 

	CP length 
	Normal CP 
(4.7-5.2 sec) 
	* Shorter CP for higher frequency 
	* Extended CP for scenarios with larger delay spreads, e.g. Rural 
	* Extended CP for particular applications, e.g. MBMS 

	TTI 
	1 msec 
(or 1 subframe period) 
	- 
	- 
	* Shorter TTI for URLLC use cases 

	Waveform 
	Multicarrier 
	* Single-carrier for higher frequency 
	- 
	* Multicarrier (OFDMA) for downlink 
* Single-carrier (SC-FDMA) for uplink and sidelink 
* Filtering/Windowing for in-band emission reduction against particular links and numerology setting 


3. Conclusion

This contribution discussed the numerology parameters in LTE/LTE-A and NR. From the discussion the following observations have been made:  
Observation 1: Power-efficient waveforms will be required to be used in higher frequency bands which suffer from severe path loss. 

Observation 2: Reduced unwanted emission may enable more flexible numerology setting and multiplexing of multiple signals having different values of numerology parameter in the NR. 

Observation 3: Narrower subcarrier spacing will be required to be used for some mMTC use cases in the NR. 

Observation 4: Wider subcarrier spacing will be required to be used in higher frequency bands and for high-speed use cases in the NR. 

Observation 5: Longer CP will be required to be used in scenarios with large delay spreads in the NR. 

Observation 6: Shorter CP will be required to be used in higher frequency bands with short delay spreads in the NR. 

Observation 7: Shorter TTI will be required to be used for URLLC use cases in the NR. 

Then, we summarize our proposals for the forward compatibility study as below. 
Proposal 1: RAN1 should study the introduction of multiple values for each numerology parameters, e.g. subcarrier spacing, CP length and TTI, in the NR SI. 

Proposal 2: RAN1 should study the values for the numerology parameters while taking into account frequency-, environment-, and use-case-dependent conditions in the NR SI. 

Proposal 3: RAN1 should study flexible numerology setting, e.g. multiplexing of multiple signals having different values of numerology parameters, in the NR SI. 
Proposal 4: RAN1 should study the impact of the flexible numerology setting and, if necessary, study techniques for reducing the impact of the flexible numerology setting in the NR SI. 
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