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1 Introduction

5G new radio study item has been approved in the RAN plenary #71 meeting [1].  One of the objectives is to target a single technical framework addressing all usage scenarios, requirements and deployment scenarios defined in TR38.913 including eMBB, mMTC and URLLC. In this contribution scenarios and design criteria for flexible OFDM numerologies are discussed to support diverse services and diverse deployments for 5G new radio.
2 Diverse services and scenarios 

A wide range of services is defined in TR 38.913 , which include eMBB, mMTC, URLLC, multimedia broadcast/multicast service in [2] section 9.1, location positioning service in [2] section 9.2, critical communications services in [2] section 9.3. Furthermore different services may have different key performance indicators:  
· eMBB: Cell/Transmission Point/TRP spectral efficiency, coverage, user experienced data rate and etc
· mMTC: coverage, connection density, UE battery life and etc
· URLLC: ultra low latency,  ultra high reliability and etc
In addition to wide range of service, in TR38.913 [2] section 6.1, different deployment scenarios are defined including indoor hotspot, urban macro, dense urban, rural, high speed train, urban coverage for massive connection, V2X and etc. Different deployment scenarios have different attributes, such as ISD, UE speed, channel characteristics and so on. 
Different deployment scenario may consider the suitable spectrum. In [2], the new radio will consider frequency ranges up to 100GHz.  
· For licensed spectrum of sub-6 GHz, in addition to bands already allocated, the main consideration for spectrum is the 3.5 GHz C-band, which may have about 400 to 800 MHz contiguous spectrum.
· For unlicensed spectrum of sub-6GHz, mainly the 5.8 GHz spectrum, contains more than 200 MHz contiguous spectrum. Wi-Fi and LAA can utilize the 5.8 GHz unlicensed spectrum.
· For high frequency spectrum above 6GHz, large chunks of spectrum are available for higher frequency. 60 GHz unlicensed band has been available globally, and the bandwidth is generally in the gigahertz range. Other bands may become available later for either licensed or unlicensed use with likely at least a few hundred megahertz bandwidths.
Based on above descriptions, we can see that there are a significant number of bands on contiguous spectrum for 5G to consider. The bandwidth of contiguous spectrum is especially large at high frequency. 

3 Design criteria on flexible numerologies
OFDM numerology is basic parameters for OFDM based system design, which basically include subcarrier spacing, cyclic prefix length, TTI length and system bandwidth.
Design criteria on flexible numerologies to support wide range service, diverse deployments, diverse spectrum are discussed in the following sections. Some of the preliminary link level results can be found in the appendix.
3.1 Support for wide range of services
TR38.913 [2] section 10.2 requires “support for wide range of services, which means the system shall be inherently flexible enough to meet the connectivity requirements of a range of existing and future (as yet unknown) services to be deployable on a single continuous block of spectrum in an efficient manner.”  Numerology impact on supporting for wide range of services is briefly analyzed in this section. 
· For eMBB, since LTE numerology of 15kHz subcarrier spacing works well below 6 GHz, here it is used as eMBB example for better understanding.

· For mMTC, the numerology may be different than for eMBB as being discussed in NB-IOT WI [3]
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[5] in LTE where the numerology impact was extensively analyzed. Two options subcarrier spacing of 3.75 kHz and 15kHz are supported in the uplink. Narrow band transmission can provide higher capacity considering the same coverage enhancements, as confirmed by evaluations [5]. Further study and evaluation on numerologies for 5G mMTC are needed.
· For URLLC, the user plane latency requirement is as low as 0.5ms, while it is 4ms for eMBB[2]. Shorter TTI is preferred for latency reduction. Two examples are given for achieving shorter TTI length by taking eMBB subcarrier spacing as baseline. Option 1 is to maintain the subcarrier spacing and reduce the number of OFDM symbols in one TTI, and option 2 is to increase the subcarrier spacing with more OFDM symbols with the same TTI length as option 1. Further analysis and evaluation of these two options for 5G URLLC are needed.

· For broadcast with MBSFN transmission, signals from neighbor cells have different arrival time, and the paths form different cells are considered as a set of combined paths whose delay spread is larger than normal eMBB from a single cell. OFDM numerology with longer CP may offer better protection against delay spread. Moreover, even for different eMBMS deployment with different ISD, different numerologies could be considered further to optimize the spectral efficiency.
In appendix A, some of the initial link level simulation results are provided for broadcast with MBSFN transmission, which show the numerology option with 7.5kHz subcarrier spacing and 6.67% CP overhead outperform the 15kHz options.
Based on the above discussions, the observation is that one numerology may not be able to support wide range of service efficiently, and the 5G new radio framework should be configurable to different sets of OFDM numerologies (subcarrier spacing, cyclic prefix length, TTI length).
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Figure 1 Different numerologies for diverse services multiplexed in FDM
One method to support multiple numerologies for multiple services is FDM manner as shown in. Figure 1. Although TDM between different numerologies is an option to save energy, a system using FDM approach has the following advantages:

· Easier to support services with different latency requirements
· More efficient to support services with different bandwidth requirement e.g. FDM between eMBMS service and non-eMBMS service. Especially considering that broader system bandwidth may be defined for new radio.
· Forward compatible for services introduced in later release in 5G, e.g. the introduced service may not impact the legacy services.
· Allow the new radio to implement frequency ICIC.
· Energy saving can still be allowed by turning off some TTIs even with FDM.
Proposal 1: Numerology design should efficiently support diverse services of unicast, broadcast, mMTC and URLLC on one carrier in FDM manner.
3.2 Support for diverse deployment scenarios
For numerology design, attributes, such as carrier frequency, channel characteristics, inter-site distance, UE speeds and possible transmission schemes should be taken into account. For different deployment scenarios as illustrated in Figure 2 with different attributes (section 6.1 in [2]), numerology design criteria are considered as the following:
· Subcarrier spacing: For different UE speeds in different carrier frequency, subcarrier spacing candidates are chosen to minimize the impact of Doppler frequency spread.
· CP length: CP length is chosen to minimize the impact of delay spread.
· For different ISD and propagation condition/channel model, delay spread is different. 
· Compared with single site transmission scheme, multiple sites transmission scheme may introduce additional delay spread from the receiver point of view. 
· TTI length: The TTI length should be designed to meet the latency requirement.  Furthermore, the TTI length design should consider the overall performance including the feedback periodicity, fast adaptation to TCP protocol and the system overhead, e.g. reference signals and control signaling.
In appendix A, some of the initial link level simulation results are provided for broadcast with MBSFN transmission. The results on different CP length with 15 kHz subcarrier spacing are provided. The simulation assumptions can be found in [8]. Note LTE already support 15kHz and 7.5kHz numerologies for MBSFN transmission. Further evaluations are needed when the scenarios and parameters are determined. 

In appendix B, some initial link level simulation results are provided for different channel models with different channel delay spread and UE speed. LTE 15kHz subcarrier spacing with normal CP can provides better performance in traditional ETU channel, while 60kHz subcarrier spacing with shorter CP provides better performance in high speed rural scenarios.
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Figure 2 Numerology design supports diverse deployment scenarios
Proposal 2: Numerology design should consider all of possible deployment scenarios with different UE speeds, channel models and transmission schemes.
3.3 Support for diverse spectrum

Based on above descriptions in section 2, we can see that there are a significant number of bands on contiguous spectrum for 5G to consider as illustrated in Figure 3. Here some design criteria are given:

· Implementation cost and complexity should be taken into account. With LTE legacy subcarrier spacing, for broader bandwidth may defined for 5G new radio, the required FFT size and the frequency processing with RE or RB level granularity grows accordingly which may finally reach a point where the implementation cost and complexity become unacceptable. 

· In addition to the deployment scenarios, spectrum specific issue should be taken into account. For high frequency numerology design, further analysis on channel models, phase noises and power efficiency can be found in [7]. In order to simplify the system design and have a unified air interface for all potential available spectrum, scalable subcarrier spacing and TTI length could be starting point for further analysis and evaluations.
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Figure 3 Numerology design supports diverse spectrum
Proposal 3: Numerology design should efficiently accommodate all of the available bands in the frequency range up to 100GHz.
3.4 Multiplexing and Co-existence
In order to enable multiple numerologies efficiently multiplexing for wide range of services and different deployment scenarios in one carrier, it is straight forward to use scalable subcarrier spacing to reduce the interference among multiple numerologies due to the property of sinc function. The “scalable” means subcarrier spacing is increased or reduced multiple times.  For example, in the time domain, the scalable numerologies are helpful for the symbol alignment during TDD guard period among different numerologies. 
From the co-existence between LTE and 5G new radio point of view, operators may have the requirement to deploy LTE and 5G new radio in adjacent spectrum or even in the same spectrum band [6] as illustrated in Figure 4. And LTE numerology can be a starting point for 5G new radio scalable numerology. 

[image: image4.emf]LTE 5G

Subcarrier

Frequency


Figure 4 Coexistence between LTE and 5G new radio in adjacent spectrum
Proposal 4: Efficient multiplexing of multiple numerologies in a carrier for 5G new radio should be taken into account.
Proposal 5: LTE numerology can be a starting point for 5G new radio numerology.
Proposal 6: Scalable subcarrier spacing for 5G new radio should be supported. The “scalable” means subcarrier spacing is increased or reduced multiple times.
3.5 Summary of numerology design 
Based on the above analysis and initial simulation results shown in Section 3 above, we summarized the   numerology design criterion in Table 1. The LTE numerology of 15kHz, normal CP and 1ms TTI is used as baseline.
Table 1 Summary table on numerology for diverse services, deployments and spectrum

	Motivation 
	Scenarios 
	Subcarrier spacing
	CP length
	TTI length

	Diverse service 
	eMBB 
	>=15kHz
	Depend on scenarios
	Depend on scenarios

	
	Broadcast MBSFN transmission
	<=15kHz
	Longer CP
	Longer TTI

	
	mMTC 
	<=15kHz 
	Longer CP
	Longer TTI

	
	URLLC
	FFS
	Depend on scenarios
	Shorter TTI

	Diverse deployment 
	Low to medium UE speed
	15kHz
	Depend on services
	Depend on services

	
	High UE speed 
	>=60kHz
	Depend on services
	Depend on services

	
	Fading channel 
	-
	Depend on channel 
	-

	
	Multiple sites transmission
	-
	Longer CP
	-

	Diverse spectrum 
	Sub-6GHz
	Depend on scenarios
	Depend on scenarios
	Depend on scenarios

	
	Above 6GHz
	Larger carrier spacing
	Shorter CP
	Shorter TTI

	Other services and deployments
	Future scenarios
	TBD, should ensure forward compatibility
	TBD, should ensure forward compatibility
	TBD, should ensure forward compatibility


The above table gives a range of numerologies for further evaluation and down selection. From the evaluation point of view, OFDM numerologies of subcarrier spacing, cyclic prefix length and TTI length are closely related. Examples of numerologies are given for the case of sub 6GHz in Table 2.
Table 2 Examples of numerology 
	Subcarrier spacing (KHz)
	7.5 
	15
	60
	60

	Useful duration T_u (us)
	133.33
	66.67
	16.67
	16.67

	CP length (us)
	10.42, 9.38
	5.2, 4.7
	1.30, 1.17
	3.65, 3.13

	# of symbols per TTI
	7(1,6)
	7(1,6)
	7(1,6)
	25(10,15)

	TTI (ms)
	1
	0.5
	0.125
	0.5

	CP overhead
	6.7%
	6.7%
	6.7%
	16.7%


With the above considerations and analysis, we have the following proposal:
Proposal 7: The new radio should be configurable to different sets of OFDM numerologies in terms of subcarrier spacing, cyclic prefix length and TTI length.
4 Conclusion
Proposal 1: Numerology design should efficiently support diverse services of unicast, broadcast, mMTC and URLLC on one carrier in FDM manner.
Proposal 2: Numerology design should consider all of possible deployment scenarios with different UE speeds, channel models and transmission schemes.

Proposal 3: Numerology design should efficiently accommodate all of the available bands in the frequency range up to 100GHz.
Proposal 4: Efficient multiplexing  of multiple numerologies in a carrier for 5G new radio should be taken into account.
Proposal 5: LTE numerology can be a starting point for 5G new radio numerology.
Proposal 6: Scalable subcarrier spacing for 5G new radio should be supported. The “scalable” means subcarrier spacing is increased or reduced multiple times.
Proposal 7: The new radio should be configurable to different sets of OFDM numerologies in terms of subcarrier spacing, cyclic prefix length and TTI length.
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Appendix A Simulation results for broadcast with MBSFN transmission
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Appendix B Simulation results for different UE speeds
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