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1. Introduction

At RAN #71 [1], a new study item named New Radio (NR) Access Technology was approved to develop an NR access technology to meet a broad range of use cases including enhanced mobile broadband (eMBB), massive MTC (mMTC), Ultra-Reliable and Low Latency Communications (URLLC), and additional requirements defined during the RAN requirements study [2]. 
In this contribution, we discuss the waveform and multiple access schemes for 5G new radio interface.
2. Discussion

2.1  Orthogonal-Based Waveforms for 5G New RAT
Among various waveforms, OFDM-based waveforms were chosen for the LTE and LTE-A systems. As thoroughly investigated in LTE study and work item, OFDM-based waveforms can meet diverse requirements of LTE system with efficient and effective ways. Especially, there are two representative OFDM-based waveforms, i.e., OFDM and SC-FDM (also known as DFT-spread OFDM). The primary advantage of OFDM (over SC-FDM) is its high spectral efficiency with efficient multicarrier and multiple access support. In addition, OFDM facilitates efficient support for MIMO due to at least two reasons. First, as a purely frequency-domain waveform, OFDM allows a natural support for frequency-selective (subband) MIMO transmission schemes (especially precoding/beamforming) which is beneficial in exploiting the frequency-selective property of the channel. Second, OFDM enables a low-complexity advanced MIMO receiver design with efficient per-sub-carrier based processing. The primary advantage of SC-FDM is its lower peak-to-average power ratio (PAPR) and cubic metric (CM) compared to that of OFDM. This leads to high power amplifier (PA) efficiency from reduced power back-off. Both OFDM and SC-FDM can provide flexible bandwidth allocation to the multiple UEs and mitigate inter-symbol interference caused by multipath propagation and inter-carrier interference by using cyclic prefix (CP) and frequency-domain equalizer at the receiver. In the implementation aspect, OFDM-based waveforms allow efficient modulation and demodulation implementation using IFFT/FFT algorithm on the transmit and receive side. It should also be noted that various implementation-based schemes and filtering/windowing methods can be used to reduce PAPR/CM of OFDM. Taking into consideration of overall aspects, OFDM-based waveforms have ability to fulfil diverse set of requirements as proved in the process of standardization and commercial deployment of LTE as well as other applications.
Observation 1: OFDM-based waveforms have ability to fulfil diverse set of requirements as proved in 3GPP and other standardization process.
2.2  Waveform and Multiple Access Schemes for 5G New RAT’
As shown in [3], new vertical services demand to meet diverse requirements depending on the specific service scenarios. The potential requirements for eMBB, mMTC, and URLLC are summarized in Table 1.
Table 1. Summary of potential requirements for new vertical services in 5G

	Service Types
	Potential Requirements

	eMBB
	DL
	· Peak spectral efficiency w/ wide bandwidth

· Spatial multiplexing friendly

	
	UL
	· Macro cell: Large coverage

· Small cell/unlicensed: high spectral efficiency

	mMTC
	DL
	· Efficient coexistence with other services
· Deep coverage

	
	UL
	· Long battery life 

· Deep coverage

	URLLC
	DL
	· Efficient coexistence with other services
· Lower latency & packet loss rate

	
	UL
	· Lower latency & packet loss rate

· Grant-free transmission


From Table 1, most of the potential requirements of individual vertical service do not seem to be quite different from that of LTE system. However, unlike previous systems, 5G system is expected to be able to provide efficient ways of coexistence of these new vertical services with different configurations. Hence, it will be needed to make further optimization to the OFDM-based waveforms according to the new requirements and different configurations. Taking into account these potential improvements, we believe that OFDM is still a strong candidate as the baseline waveform to meet the requirements of 5G system except for coverage limited environments. This is aligned with one of the objectives SID that waveform for “NR” be based on OFDM [1]. For such cases, SC-FDM, implemented as a part of OFDM-based waveform, can be additionally considered to support high coverage scenarios for uplink. Since SC-FDM is basically OFDM with DFT precoding before IFFT, it is possible to support without much difficulty both SC-FDM and OFDM in a given uplink system bandwidth from both eNB and UE perspective.
For the multiple access schemes, Orthogonal Frequency Division Multiple Access (OFDMA) has been widely accepted for wireless communication technologies such as Wi-Fi and LTE. OFDMA enables system design providing solutions achieving close to capacity with features such as frequency-scalable resource scheduling and flexible reference signal design. Since flexibility in multiplexing multiple vertical services is a key design principle for 5G new radio interface and OFDMA can provide flexible resource scheduling/allocation, we propose that OFDMA be used as the baseline multiple access scheme, for both downlink and uplink transmissions. This approach also corresponds with the proposed baseline waveform above. Furthermore, considering future use cases where eNB involvement may be limited such as device-to-device (D2D) and vehicle-to-vehicle (V2V) communication, the UE can act autonomously and can perform eNB functions such as resource allocation, where OFDMA may be a better choice.

For the multiple access scheme for uplink, another aspect we should consider is uplink coverage since a cell coverage is typically restricted by uplink coverage. Uplink coverage is relevant to defining cell sizes well as UE power consumption and battery life. It is important for 5G new radio interface to maintain similar coverage compared to LTE, otherwise more base stations would be required to avoid coverage holes, especially in rural scenario. In additions, extended coverage is required for mMTC. It is generally known that SC-FDMA provides higher coverage than OFDMA thanks to its low PAPR/CM. Therefore, SC-FDMA can be considered for uplink, especially when uplink coverage matters. 
Taking into consideration of overall aspects above, we would like to recommend OFDM(A) as the baseline waveform and multiple access for 5G new radio interface both downlink and uplink while SC-FDM(A) can be additionally considered for the case of coverage limited environments for uplink.
Proposal 1: OFDM(A) is the baseline waveform and multiple access for 5G new radio DL/UL with additional consideration of supporting SC-FDM(A) for the uplink coverage limited environments.
For mMTC, non-orthogonal multiple access for uplink transmissions can be beneficial for accommodating massive number of UEs. Since there are limited number of orthogonal resources, orthogonal multiple access may limit the user capacity when there are massive number of UEs. Also, URLLC devices may require unscheduled transmissions, i.e., grant-free transmission, on the uplink to deliver critical information where scheduling request may not be possible due to low latency requirements. From these reasons, for mMTC and URLLC, non-orthogonal multiple access scheme needs to be studied further for the uplink.
Proposal 2: For mMTC and URLLC, non-orthogonal multiple access schemes can be studied further for the uplink. 
In this contribution, we have discussed the multiple access scheme for each service. A companion contribution [4] will focus on multiple access of different vertical services.
3 Further Considerations on Waveforms for the Multiple Access of Different Vertical Services
As it is expected that the 5G new RAT be designed to allow multiple access of different vertical services, further considerations on the waveforms are needed for the scenarios. In the following, we consider two simple cases among various multiple access methods described in [4]. 
· FDM manner multiple access of different vertical services with different subcarrier spacings (e.g., NB-IoT UL in LTE in-band): Since two vertical services have different subcarrier spacings, it is needed to consider interference impact between services. The waveform on each service could be shaped to minimize inter-carrier interference, e.g., simple windowing and/or filtering methods on OFDM/SC-FDM which enhance spectrum confinement leading to reduced guard band between services. 
· TDM manner multiple access of different vertical services (e.g., eMBMS & LTE): Since two vertical services access with TDM manner, the waveform on each service could be shaped to minimize inter-symbol interference between services while satisfying spectrum emission mask on each service. 
Proposal 3: Depending on the ways of multiple access for the different vertical services, the waveform could be shaped to minimize inter-carrier or inter-symbol interference between services.
4 Conclusions
This contribution discussed about the waveform and multiple access schemes for the 5G new radio interface. The proposals are as follows:
Observation 1: OFDM-based waveforms have ability to fulfil diverse set of requirements as proved in 3GPP and other standardization process.
Proposal 1: OFDM(A) is the baseline waveform and multiple access for 5G new radio DL/UL with additional consideration of supporting SC-FDM(A) for the coverage limited environments.
Proposal 2: For mMTC and URLLC, non-orthogonal multiple access schemes can be studied further for the uplink. 

Proposal 3: Depending on the ways of multiple access for the different vertical services, the waveform could be shaped to minimize inter-carrier or inter-symbol interference between services.
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