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1	Introduction
3GPP aims to develop and standardize components for a New Radio Access Technology (NR), which is envisioned to operate in frequencies up to 100 GHz to serve a broad range of use cases including mobile broadband, massive MTC, and critical MTC. NR study item was agreed in 3GPP in March 2016 [1]. One of the main objectives of the NR study item is to gain a common understanding on fundamental physical layer signal structure for NR, which is initially assumed to be based on OFDM [1]. 
OFDM is a multi-carrier waveform, currently used in LTE for downlink transmissions. In addition to normal cellular (base-station-to-device) connectivity, wireless backhaul and device-to-device connections (including V2V) are considered to be integral components of NR. In this contribution we discuss suitability of OFDM for all link types envisioned in NR. The paper is organized as follows:
· Section 2 discusses performance indicators for NR waveform
· Section 3 discusses suitability of OFDM for NR
· Section 4 concludes that OFDM is an excellent choice for UL, DL, D2D, and Backhaul links.
2	Waveform Performance Indicators
In the following, we list the major performance indicators for NR waveform. Moreover, we also identify the level of importance of the waveform performance indicators for different link types and carrier frequencies. The waveform performance indicators are:
1. Spectral efficiency, to meet extreme data rate requirements. In general, spectral efficiency is more important at lower carrier frequencies than at higher frequencies, since the spectrum is not as precious at higher frequencies due to the availability of potentially much larger channel bandwidths. Spectral efficiency is very important for UL and DL, however, the requirements are even more stringent for backhaul (due to large amount of data) and vehicular communication in dense urban scenarios if the system is capacity limited due to large number of vehicles that are periodically broadcasting signals in a limited bandwidth channel. 

2. MIMO compatibility, to enable a straightforward use of MIMO technology. With the increase in carrier frequency, the number of antenna elements at the access nodes (base stations) and the devices would increase. The use of various MIMO schemes will be essential in providing high spectral efficiency (by enabling SU-MIMO/MU-MIMO) and greater coverage (via beamforming).  Beamforming will be instrumental in overcoming high propagation losses at very high frequencies (coverage limited scenarios).  
3. Low Cubic Metric, to compensate for power amplifier’s inefficiency. A low cubic meter is important for power efficient transmissions from the devices (e.g., UL, D2D link). Low cubic metric becomes even more important at very high frequencies. It is important to note that small sized low cost base stations are envisioned at high frequencies, therefore, low cubic metric is also important for DL. 

4. Robustness to channel time-selectivity, is important in high speed scenarios. High speed scenarios are relevant in large cell deployments. The large cell deployments are not expected at very high frequencies due to harsh propagation conditions (coverage limitation). At very high frequencies, the deployments are expected in the form of small cells where mobility is not a major concern and thus robustness to channel time selectivity may not be as important in the high frequency small cell deployments. However, V2V services may be enabled at very high frequencies, making robustness to channel time selectivity also an important performance indicator at very high frequencies. Traditionally backhaul link is fixed and mobility is not a concern, however for the envisioned mobile backhaul (e.g., access nodes on vehicles), robustness to channel time selectivity will become relevant. 

5. Robustness to channel frequency-selectivity, is always a very important measure for transmission in multipath channels. Channel frequency selectivity depends on various factors as type of deployment, beamforming technique, and signal bandwidth. It is important that the devices and base stations can cope with frequency selective channels without complicated receiver limitations. 

6. Robustness to phase noise, is very important for all link types where a device (transmitter/receiver) is involved, because high quality oscillators may not be affordable in devices. Phase noise robustness is also important for future low cost base stations. Basically, any link that involves a device and/or low cost base station puts a high requirement on phase noise robustness of waveform, especially if the communication takes place at high frequencies since phase noise typically increases with carrier frequency. 

7. Transceiver baseband complexity, to enable efficient baseband processing at large bandwidths envisioned for NR. Baseband complexity is always very important for the devices, especially from the receiver perspective. For NR, complexity is even a major consideration for base stations, since a base station can be small sized access node (especially at high frequencies) with limited processing capability. At very high frequencies and large bandwidths, the receiver may also have to cope with severe RF impairments.

8. Time localization, to efficiently enable (dynamic) TDD and support latency critical applications such as C-MTC. Dynamic TDD is envisioned at high frequencies and provision of low latency is very important for all link types. 

9. Frequency Localization, to support co-existence of different services potentially enabled by mixing different waveform numerologies in frequency domain on the same carrier. Frequency localization can also be relevant if asynchronous access is allowed in UL and D2D. In general, frequency localization of a waveform is not important at high frequencies where large amount of channel bandwidth is available. However, for capacity limited dense vehicular scenarios with asynchronous transmissions, frequency localization can be relevant.

10. Robustness to synchronization errors, is important where synchronization is hard to achieve such as D2D link. 

11. Flexibility/scalability, to support diverse services in wide range of frequencies.
3	Assessment of OFDM

OFDM has been widely studied in the literature. It is well-known to provide high spectral efficiency, an easy integration with MIMO, very simple transceiver design, and robustness against frequency selective channels. Moreover, OFDM is well-localized in time domain and due to the presence of cyclic-prefix, OFDM is also robust to time synchronization errors. The drawbacks of OFDM include high cubic meter (like other multi-carrier waveforms), sensitivity to phase noise (like other multi-carrier waveforms), and low frequency localization. However, OFDM offers high flexibility to combat the above mentioned drawbacks, which is discussed in the following.
The sensitivity to phase noise and Doppler can be adjusted via a proper choice of sub-carrier spacing. In a companion contribution [2], we have proposed different OFDM numerologies to be used at different carrier frequencies in NR. The contribution shows that sufficiently high SNR can be achieved in presence of phase noise, by proper choice of sub-carrier spacing in OFDM even at very high frequencies, while keeping low CP overhead. 
High cubic meter in OFDM can also be substantially reduced via various well-known cubic meter (or PAPR) reduction techniques with only minor compromise in performance [5]. Low cubic meter is important in situations where higher PA’s efficiency (lower power back-offs) are desired such as for UL and D2D transmissions to improve the coverage. Currently, LTE uses DFTS-OFDM for both UL and D2D link due to its lower cubic meter.  However, DFTS-OFDM has certain drawbacks in comparison with OFDM such as less flexible scheduling and more complex MIMO receiver with reduced link level and system level performance [4]. Since MIMO will be a key also component for UL and D2D link in NR, DFTS-OFDM is not a preferred solution.  In a companion contribution [6], we have discussed cubic meter reduction techniques for OFDM (without DFT precoding). For NR, OFDM with cubic meter reduction (without DFT precoding) is an attractive option for UL and D2D link. The use of one waveform for all link types will also make transceiver designs and implementations symmetric for all transmissions. Moreover, it is important to note that due to the use of low cost base stations in the future, the requirements on cubic meter for uplink and downlink should also be similar. 
There are different ways of improving frequency localization in OFDM. In most situations, especially at high frequencies envisioned for NR, frequency localization is not a major concern. However, if necessary, the frequency localization can be improved by windowing with very little increase in complexity. In a companion contribution [3], windowed-OFDM has been shown to provide considerable reduction in out-of-band emission (improved frequency localization), making it an attractive candidate for the cases where different numerologies are mixed on the same carrier in frequency domain to support services with different requirements. Windowed-OFDM can also be an attractive option for vehicular communication when the number of vehicles is large, the transmissions are asynchronous, traffic is periodic and broadcast and the channel bandwidth is limited.
In Table 1, we provide an assessment of OFDM for the performance indicators discussed in Section 2 and provide the requirements on those performance indicators for different links types such as UL, DL, D2D, and Backhaul. The purpose is to assess suitability of OFDM for different transmissions/link types. Although V2V communication takes place over a D2D link, we assess D2D and V2V cases separately due to different levels of requirements on waveform performance indicators. For example, V2V communication has higher requirements on mobility, system capacity, whereas lower requirements on power efficiency when compared with UE-UE communication. 


Table 1: Assessment of OFDM
	Performance Indicators
	Assessment
	DL Requirement
	UL Requirement
	D2D Requirement
	V2V Requirements
	Backhaul Requirement

	Spectral efficiency
	High
	High
	High
	High
	Very High
	Very High

	MIMO compatibility
	High
	Very High
	Very High
	High
	Very High
	Very High

	Time localization
	High
	High
	High
	High
	Very High
	Very High

	Transceiver complexity
	Low
	Very High
	High
	Very High
	 High
	High

	Flexibility/Scalability
	High
	High
	High
	High
	High
	High

	Robustness to frequency selective channel
	High
	High
	High
	High
	High
	High

	Robustness to time selective channel
	Medium
	High
	High
	Medium
	Very High
	Low

	Robustness to phase noise 
	Medium
	High
	High
	Very High
	High
	High

	Robustness synchronization errors
	High
	High
	High
	Very High
	Very High
	High

	Cubic meter
	High (can be reduced)
	Medium
	High
	High
	Medium
	Medium

	Frequeny Localization
	Low (can be enhanced)
	Low
	Medium
	Medium
	Medium
	Low




Based on the Table 1, we make the following observations:
· Observation 1: OFDM ranks high on all key performance indicators for DL 
· Observation 2: OFDM ranks high on all key performance indicators for backhaul
· Observation 3: OFDM with possible cubic meter reduction (without DFT precoding) ranks high on all key performance indicator for UL and D2D link
· Observation 4: OFDM with possible windowing to improve frequency localization ranks high on all key performance indicator of waveform for V2V communication.

3	Conclusions

In this contribution, we assessed the suitability of OFDM for different link types in NR. Based on the observations made in the paper, we conclude the following:
· Proposal 1: OFDM with scalable numerology is an excellent waveform for DL, UL, D2D, and backhaul links, to be used in wide range of frequencies envisioned for NR.
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