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Introduction
The study item on New Radio Access Technology approved at the last RAN#71 [1] aims to develop a new radio (NR) access technology meeting a broad range of use cases and being able to use “any spectrum band ranging at least up to 100 GHz.” One of the key technical issues for enabling the emergence of a new RAT “inherently forward compatible” [1] and able to cope with the NR requirements [2] is the waveform choice [3]. One of the high priority targets of the NR SI [1] is stated as:
· Fundamental physical layer signal structure for new RAT
· Waveform based on OFDM, with potential support of non-orthogonal waveform and multiple access
· FFS: other waveforms if they demonstrate justifiable gain
It is difficult to design a unique RAT covering all NR requirements, since waveform design and parameter set requirements (subcarrier spacing, CP length, etc) are different for different use cases, and are also different for different frequency ranges. There is a need to find waveform solutions which are flexible enough to be both backward and forward compatible [4], support transmission over higher and wider bandwidth with higher data rates and be robust to interference due to coexistence of different parameter sets.
Conventional OFDM-based waveforms like OFDMA/SC-FDMA have attractive features such as their flexibility, natural integration with MIMO or low complexity frequency domain processing. Lately, modified OFDM-based waveforms are gaining attention due to their benefits in some specific use cases. In this contribution, we give our views on NR waveforms.
Conventional OFDM-based and SC-FDM-based waveforms
OFDM and SC-FDM are mature waveforms having proved their advantages in LTE/LTE-A deployments in conjunction with OFDMA-like orthogonal multiple access. Important characteristics are flexible management of the spectral resource, easy integration with MIMO techniques, low complexity frequency domain processing, robustness to multipath propagation, etc. OFDM has a very flexible frequency structure and very good MIMO integration capability, but also exhibits high PAPR. Through DFT precoding, SC-FDM waveform attains single-carrier-like envelope variations. SC-FDM waveform keeps the main advantages of OFDM at the expense of a slight performance loss with regard to OFDM only in the presence of robust channel coding [5]. DFT precoding significantly reduces the envelope variations of OFDM as depicted in Figure 1. For QPSK, cubic metric drops from 4.7dB for OFDM waveform to 1.96dB in SC-FDM waveform, and CCDF curves confirm a reduction of over 2.5dB at CCDF of INP equal to 10-3. These low envelope variations qualify SC-FDM for applications requiring low energy consumption and in scenarios with high path loss or coverage limitations, especially in high frequencies and large contiguous bandwidths.
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[bookmark: _Ref446082481]Figure 1 Instantaneous normalized power of SC-FDM and OFDM, for a single user with a 5RB allocation in a 5MHz bandwidth
Due to these characteristics, both SC-FDM and OFDM are good waveform candidates for NR [3]. Due to the need of NR to use spectrum bands up to 100 GHz, several requirements for waveform design will vary depending on the frequency range. While higher frequency bands open the way for using very large bandwidths and very narrow beams with high antenna gains, they also bring the challenge of coping with reduced range, high phase noise and high Doppler shifts, which need to be addressed by appropriate waveform and parameter set design (e.g. energy efficient waveforms, frequency-dependent subcarrier spacing and/or pilot density).
We propose to adapt the waveform design depending on the frequency range like depicted in Table 1.
[bookmark: _Ref446087510]Table 1 Waveform design and frequency range
	
	Low SHF
	High SHF
	EHF

	Uplink
	OFDM-based
	OFDM/SC-FDM-based
	SC-FDM-based

	Downlink
	OFDM-based
	OFDM/SC-FDM-based
	SC-FDM-based



In low SHF bands (e.g. cm waves, 3GHz to ~10GHz) robustness for multipath fading and high multiplexing gain indicates OFDM-based waveforms as good candidates. In EHF bands (mm waves above 30GHz) SC-FDM waveform is a suitable candidate to cope with coverage limitations due to very high path loss. In the middle range of high SHF bands, both OFDM and SC-FDM waveforms are good candidates and their respective strong points can be optimally exploited by scenario-dependent waveform choice both in UL and in DL. Isolated users far away from the base station can use energy efficient SC-FDM-based waveform for expanded coverage area, while users close to the base station benefit from the flexibility of OFDM-based waveforms.
An example is illustrated for the DL in Figure 2 and Figure 3. In [4], we have further proposed to adaptively switch between OFDM and SC-FDM waveforms in a TDM manner: OFDM for UEs close to the base station, SC-FDM for isolated and distant UEs requiring cell coverage expansion. 
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[bookmark: _Ref447205671]Figure 2 : OFDM-based waveform for crowded users
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[bookmark: _Ref447205672]Figure 3 : SC-FDM-based waveform for distant users 

Observation 1: Waveform performance and design requirements vary depending on the frequency range.
Proposal 1: Consider and evaluate SC-FDM-based waveform in high SHF and EHF.
Proposal 2: Consider and evaluate OFDM-based waveform in SHF. 
Modified OFDM-based and SC-FDM-based waveforms
Rectangular-shaped OFDM-based waveforms (unfiltered) need tight frequency/time synchronization between users in order to maintain orthogonality and have rather low decay rate (high out-of-band (OOB) radiated power). Accommodating NR users with different parameter sets, with very low or no frequency-domain guard band and/or imperfect synchronization, may need a number of enhancements.
Although no post-filtering (after cyclic prefix (CP) inclusion) is defined in LTE/LTE-A, practical implementations usually include filtering for OOB leakage suppression in order to fit into the standardized spectrum mask. The effectiveness of possible enhancements needs to take into account this fact, beside general considerations as complexity and possible coexistence with OFDM at least in the low LTE/LTE-A bands.
A class of modifications consists of enhancements on the design of SC-FDM/OFDM to reduce OOB leakage, with minimum waveform impact [6]. 
Extended CP OFDM reduces OOB leakage due to discontinuity of consecutive OFDM symbols by adding in-band interference to original OFDM signals. CP size is increased as well as the receiver complexity (iterative receiver needed to suppress the in-band interference introduced).
Zero-tail SC-FDMA replaces the CP with a variable-length zero sequence insertion (depending on the channel delay spread of each user). This acquires some spectral efficiency improvement in some cases and has rather low OOB leakage. CP removal demands a variable zero tail length (which needs to be signalled). Null CP can also be applied to single carrier waveform for implementation of FDE at the receiver [7].
[bookmark: _GoBack]Static sequences insertion instead of CP for SC-FDMA allows important OOB leakage reduction as depicted in [4], [6]. Inserting a static sequence before DFT, it is possible to obtain nearly 3dB backoff gain at ACLR=-45dBc, compared to OFDM. Static sequence based multiplexing becomes possible by varying the static sequence for different UEs, paving ways for improvement in capacity enhancement for a variety of reference signals. 
Several modifications can be brought to the classic OFDM-based waveforms through specific filtering at subcarrier level or by groups of subcarriers [8] [9]. 
Several examples can be cited, as in the following.
FBMC (Filterbank Multicarrier) uses a prototype filter implemented in the oversampled frequency domain allowing robust estimation of very large propagation delays and displaying very fast side-lobe decay (low OOB). Usually based on OQAM, it suffers from a less efficient MIMO support than OFDM.
GFDM (Generalized Frequency Division Multiplexing), very similar to FBMC with a specific prototype filter choice, adopts shortened CP and is particularly suitable for non-contiguous bands. The receiver needs to handle inherent inter-carrier interference.
UFMC (Universal Filtered Multicarrier) performs band-pass filtering on groups of subcarriers which efficiently reduces OOB leakage and increases the robustness to inter-carrier interference resulting from poor frequency synchronization. It can be used to accommodate users with different parameter sets. Implementation complexity is rather high.

Observation 2: Pros and cons of modifications of OFDM/SC-FDM waveforms need further study.

Conclusion
Observation 1: Waveform performance and design requirements vary depending on the frequency range.
Proposal 1: Consider and evaluate SC-FDM-based waveform in high SHF and EHF.
Proposal 2: Consider and evaluate OFDM-based waveform in SHF.
Observation 2: Pros and cons of modifications of OFDM/SC-FDM waveforms need further study.
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