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1
Introduction
An objective of the 5G study item [1] it to identify and develop technology components needed for new radio (NR) systems being able to use any spectrum band ranging at least up to 100 GHz. The goal is to achieve a single technical framework addressing all usage scenarios, requirements and deployment scenarios defined in TR38.913 [2]. The new RAT shall be inherently forward compatible to allow specification in two separate phases (Phase I and Phase II). The study item contains also some technical features for the NR system to meet these objectives. Those include:

· Tight interworking between the new RAT and LTE 

· Interworking with non-3GPP systems

· Operation in licensed bands (paired and unpaired), and licensed assisted operations in unlicensed bands.
· Stand-alone operation in licensed bands.
The new RAT should support also wireless relay functionality.
According to SID, one of the focus areas for the initial work relates to defining fundamental physical layer signal structure for new RAT. The key topics in this area include waveform, frame structure(s) and channel coding scheme(s). 
In this contribution we focus on the flexible numerology for the new RAT based on the assumption that the design is based on OFDM based waveform. We have also separate contributions covering waveform considerations [4, 5], basic frame structure principles [6] and support for beam based common control plane [7].
2
Requirements for flexible 5G new radio numerology
5G study item [1] and TR38.913 [2] describes the different scenarios for next generation access technologies. Many of them have a connection to the 5G new radio numerology design, as discussed in Table 1.
Table 1. Scenarios impacting 5G new radio numerology.
	Scenario
	Requirements set for 5G new radio numerology

	Support for different usage scenarios including
· Enhanced mobile broadband

· Massive machine-type-communications

· Ultra reliable and low latency communications
	·  Support scalable numerology w.r.t. scenario.

	Support for carrier frequencies up-to 100 GHz
	· Support scalable numerology (e.g. the used bandwidth and subcarrier spacing, subframe length) w.r.t. carrier frequency:
· Spectrum below 6 GHz is rather fragmented and composed of a mixture of bands for paired and unpaired operation.

· As an outcome of WRC-15 [3], frequency bands between 24.25 to 86 GHz for IMT/5G, as depicted in Figure 1, are studied for ITU-R WRC-19.
· 28 GHz band (27.5-29.5 GHz), excluded from ITU studies, may have potential to become a de-facto 5G band in certain countries. 
· Other bands beyond WRC-19 may be identified in later WRCs or regional/national bodies
· Co-existence and tight interworking between the new RAT and LTE require specific consideration especially in TDD scenario.  Even though backward compatibility to LTE is not required, it is beneficial to utilize similar symbol timings especially on lower carrier frequencies, where LTE and new RAT may exist on adjacent carriers. One possible option for co-existence could be partial 5G re-use of LTE spectrum with MBMS subframes. Also in-band coexistence with LTE-M/ NbIOT for low frequencies (<2-3 GHz) should be supported.
· Phase noise requires specific consideration in high carrier frequencies. It can be alleviated through larger subcarrier spacing and phase noise estimation and compensation.

	Different deployment scenarios: 


· Indoor hotspot

· Dense Urban 
· Rural

· Urban Macro

· High speed
	· Support for scalable numerology w.r.t environment. 
· Smaller cell sizes imply lower delay spreads and hence allow shortening cyclic prefix (or other corresponding guard time) length. 

· Required CP duration may be assumed to be in the order of ~2 and ~4 µs, for the FDD and TDD WA cases respectively, with typical WA cell sizes. 
· Shorter TDD CP of ~2 µs is sufficient for dense urban deployments, given the typical values of excess delay spread in urban macrocells (e.g. 1.9 µs for the ITU Urban Macro cell channel model) with cell range limited below 1 km. 
· Even shorter CP of ~1 µs or smaller can be considered for small cells and in higher carrier frequencies. 

	Support for Massive MIMO
	·  Support for RF beam switching within a subframe.
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Figure 1 Spectrum bands to be studied for 5G for ITU-R WRC-19.
In addition to different scenarios, TR38.913 [2] describes the key performance indicators for the next generation access technologies. Many of them have a direct connection to the new radio numerology design. Table 2 summarizes the most important KPIs from the new radio numerology point of view. 
Table 2. Key performance indicators impacting the new radio numerology.
	Key Performance Indicator
	Definition [2]
	Requirements set for 5G new radio numerology

	Peak data rate

Peak spectral efficiency
	Obtained when all assignable radio resources for the corresponding link direction are utilized
	Support for scalable numerology to minimize overhead and to maximize peak data rate / spectral efficiency in different scenarios.


	Control plane latency
	The time to move from a battery efficient state to start of continuous data transfer.
	Support short subframe length(s)

	User plane latency
	The time it takes to successfully deliver an application layer packet from the radio protocol layer 2/3 SDU ingress point to egress point. 
	Support short subframe length(s)

	Coverage
	Definitions for mMTC type deep indoor coverage and long distance communication coverage are still under discussion – however, it appears that both will be fedined.
	Support long/concatenaded subframe length(s)

	Mobility
	The maximum user speed at which a defined QoS can be achieved (in km/h). The target for mobility target should be 500km/h.
	Subcarrier spacing needs to be decided so that the influence of the Doppler effect can be managed with minimal performance degradation.


Based on the 5G new radio scenarios and KPIs, there is a need for a common numerology framework to cover the full frequency range up to 100 GHz and support for all the envisioned environments/deployments and scenarios. One single numerology is clearly not sufficient to fulfil all the requirements. 
Observation #1: Numerology needs be scalable enough in order to support all relevant 5G new radio frequencies together with different usage and deployment scenarios. 
Observation #2: For the considered OFDM-based waveforms, when increasing carrier frequency from conventional cellular spectrum towards mmW range, the used bandwidth and subcarrier spacing will simultaneously increase.
3
Flexible 5G new radio numerology basic principles
It is advantageous from implementation point of view if the different options of scalable new radio numerology can be obtained utilizing the same common base clock. Thus, the need for scalability leads to the following proposal:
Proposal #1: All the 5G new radio sampling rates and corresponding subcarrier spacing are 2N from the one base sampling rate.
Further, it’s even more beneficial to reuse same common base clock with LTE. Co-existence with LTE-TDD indicates that numerology evolvement from LTE and for example symbol level alignment between the new radio and LTE may be preferred especially with lower carrier frequencies. Thus, it is advantageous to be able to synthesize the new radio sampling rates utilizing the same common clock with LTE and to align the symbol length with LTE-TDD. Furthermore, to facilitate efficient implementation of multi-RAT base stations and multi-RAT fronthaul interfaces, using the same base base clock is considered beneficial.
Proposal #2: The 5G new radio base clock rate is 2N of the base sampling rate used in LTE.
TR38.913 requires at least dual-connectivity type of aggregation of LTE and 5G new radio data flows: “Considering high performing inter-RAT mobility and aggregation of data flows via at least dual connectivity between LTE and new RAT. This shall be supported for both collocated and non-collocated site deployments.” [2]. The support of DC level aggregation of data flows in L2 benefits from synchronized sub-frame boundaries of the two RATs. In order to support common L2 that is seen beneficial in order to enable joint scheduling and efficient implementation, the 5G new radio subframe length should be defined as integer division of 1 ms corresponding to LTE subframe.
Proposal #3: The 5G new radio subframe length is defined as integer division of 1 ms corresponding to LTE subframe.
Larger new radio subcarrier spacing offers increased robustness to the higher phase noise as well as an option for smaller FFT sizes when considering larger carrier bandwidths. The amount of available bandwidth is increasing as a function of increasing carrier frequency, leading also to larger carrier bandwidths. Carriers up to 100 MHz may be available at the conventional <6 GHz cellular spectrum area for eMBB communication. For low <2-3 GHz frequencies, 15 kHz subcarrier spacing is seen as a feasible baseline in order to enable in-band coexistence with LTE-M/ NB-IOT. In addition, other multi-service scenarios, such as MBMS, may need to be considered in <6 GHz area. For 20-60 GHz frequency range, carrier bandwidths up to ~200 MHz or more may be expected, whereas for >60 GHz they are expected to be even larger, possibly over 1 GHz. For the high carrier frequencies, ZT-S-OFDM (zero tail – spread - OFDM) is proposed as an additional waveform option in order to achieve carrier bandwidths of ~1 GHz. In order to keep the system design and implementation complexity in feasible limits, fully flexibly adjustable numerology is not preferred due to high number of cases to define requirements for implementation and testing. Instead, a limited set of possible numerologies covering the different spectrum areas and scenarios should be defined.
Proposal #4: Define a quantised set of supported numerologies, covering different supported frequency bands together with required usage and deployment scenarios.
Our proposal for the supported 5G new radio PHY numerologies for evaluation is presented in Table 3. In addition to the parameters listed in the table, also PRB size should be scalable in similar manner.
Table 3. Proposed 5G new radio 5G PHY numerologies for OFDM based waveforms.
	Spectrum band
	<6 GHz
	3…40 GHz
	20…100 GHz

	Maximum Carrier Bandwidth [MHz]
	5 
	20
	100
	200
	400
	1600

	Waveform
	OFDM / SC-FDMA (/ UF-OFDM)
	OFDM
	OFDM 
	ZT-S-OFDM

	Clock Rate [Mchip/s] 
	up to 30.72 
	30.72
	122.88
	245.76
	491.52
	1966.08

	sub-carrier spacing [kHz] 
	3.75
	15
	60
	120
	240
	960

	Ts[us] 
	266.67
	66.67
	16.67
	8.335
	4.17
	1.04

	Maximum (I)FFT size 1)
	16-2048
	2048
	2048
	2048
	2048
	2048

	# symbols per subframe 
	FFS2)
	7
	7
	14
	28
	120

	sub-frame length [us] 
	FFS2)
	500
	125
	125
	125
	125

	CP [us] 
	19.2
	4.8
	1.2
	0.6
	0.3
	-

	CP Overhead [%] 
	6.7
	6.7
	6.7
	6.7
	6.7
	-

	1) Implementation issue, not to be standardized, however standard needs to support efficient implementation. (I)FFT size higher than 2K FFT is not seen feasible from implementation point of view.

2) The length of the sub-frame is to be defined
	


In TDD scenario, a guard period (GP) is required in the link direction switching point to compensate the propagation delays towards the receiving devices before they switch to transmission mode together with hardware delays of the devices. In order to support different 5G new radio scenarios, the size of this guard period needs to be scalable/configurable [6].
In addition to link switching related guard periods, also RF beam switching needs to be considered [7].
In LTE, downlink, uplink and sidelink transmission are organized into radio frames. A radio frame with 10 ms duration, consisting of 10 subframes (or 20 slots), is a common building block for each of the supported LTE frame structure types (1, 2, 3). In order to ensure tight interworking between the new RAN and LTE, it is beneficial to define a new radio frame with same 10 ms length also for the new radio. The new radio frame should consist of an integer multiple of subframes with a predefined length and number of symbols as defined in Table 3.
Proposal #5: Define new radio frame with length of 10 ms.
4
Conclusions
In this contribution we have discussed the basic numerology principles for the new RAT based on the assumption that waveform in based on OFDM. As a conclusion, we make the following observations and proposals:

Observation #1: Numerology needs be scalable enough in order to support all relevant 5G new radio frequencies together with different new radio5G usage and deployment scenarios.

Observation #2: For the considered OFDM-based waveforms, when increasing carrier frequency from conventional cellular spectrum towards mmW range, the used bandwidth and subcarrier spacing will simultaneously increase.
Proposal #1: All the 5G new radio sampling rates and corresponding subcarrier spacing are 2N from the one base sampling rate. 
Proposal #2: The 5G new radio base clock rate is 2N of the base sampling rate used in LTE.
Proposal #3: The 5G new radio subframe length is defined as integer division of 1 ms corresponding to LTE subframe.
Proposal #4: Define a quantised set of supported numerologies, covering different supported frequency bands together with required usage and deployment scenarios.

Proposal #5: Define new radio frame with length of 10 ms.
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