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1. Introduction
A wide range of deplyment scenarios and requirements were defined in TR 38.913 [1] for the next generation new radio access. The carrier frequency ranges from 700 MHz to 70 GHz while the system bandwidth ranges from 20 MHz to 1 GHz. The waveforms design for such diverse set of scenarios and requirement can be quite challenging as the radio propagation characteristics are dramatically different in the extreme ends of the spectrum. Moreover, the study item [2] for which this contribution is written for aims to–“provide mechanisms for extended forward compatibility that can smoothly evolve to support also new, yet unknown use cases and benefit from future technology advance.” Therefore, the waveform designed at this early phase should be easily adapted to accommodate future use cases. In the followings, we highlight a few potential candidates and also suggest how they should be benchmarked.
2. Potential Waveform Candidates
Waveform design for multiplexing and multiple access can largely be divided into orthogonal and non-orthogonal waveforms, as shown in a non-exhaustive list in Table 1. 

Table 1: Waveform Candidates

	OFDM-based (near) orthogonal waveform
	Non-orthogonal waveform

	FBMC-OQAM, FBMC-QAM, f-OFDM, GFDM, UFMC, windowed OFDM
	DL: Superposition coding, dirty paper coding
UL: SCMA, RSMA, IDMA


For non-orthogonal waveform, superposition coding has recently become part of the release 14 MUST (Multi-User Simultaneous Transmission) study. We expect it to continue being part of Next Generation New Radio (NR) Access. The uplink non-orthogonal waveforms are important for massive machine type communication since contention based multiple access are more efficient for UE originated small packets. The ability for the base station to correctly decode overlapping and non-orthogonal signals from multiple UEs can further enhance the performance of contention-based multiple access. Therefore, all candidates in this category should be thoroughly evaluated.

The orthogonal waveforms listed above are mostly variations of LTE OFDM/SC-FDMA architecture in which a cyclic prefix is added in the beginning of an “OFDM symbol”. The OFDM symbol is the sum of many data symbols modulated by a certain set of basis functions (or prototype functions [3]). In the case of OFDM, such basis functions are a set of orthogonal sinusoids. We expect this basic architecture to remain in the next generation radio access due to its ability to achieve excellent performance in wireless channel with simple equalization. There may be more than one choice for the CP length, as in LTE, possibly including one that is zero. 
Because of the various processing applied to the baseline OFDM structure for certain design consideration such as limiting Out Of Band (OOB) emission, the orthogonality of these waveforms are sometimes compromised. For example, f-OFDM applies a bandpass filter to limit the OOB emission of an FDMA transmission and therefore corrupts the sub-carriers toward band edges. Windowed OFDM replaces the rectangular prototype function in OFDM with one that tapers off at the edges of the rectangle. The tapering regions between consecutive symbols may or may not be overlapped. Depending on the time support of the tapering region and the channel’s dispersion, the orthogonality among sub-carriers may be damaged.

Despite the potential loss of orthogonality, most candidate waveform designs do offer some benefits when multiplexing of different waveforms are desired. Moreover, the impairments introduced are mostly linear and can therefore be mitigated at the receiver more easily. The exception is FBMC-OQAM, which modulates real-valued data symbols on I and Q channels separately using the same prototype function with Q channel lagging the I channel by half a prototype function length. Multiple of such signal pairs are then multiplexed to different sub-carriers. It is argued that by appropriately choosing the prototype function, FBMC-OQAM can achieve excellent OOB emission. However, the pilot design and the corresponding channel estimation for such scheme is very difficult [4] and the MIMO receiver is very complicated since it is non-linear over the complex field. Therefore, we believe its drawbacks outweigh the benefits and should be excluded in the study. 
3. Evaluation Methodology for Candidate Waveforms
As stated in the introduction, the waveforms for NR will need to support “new, yet unknown use cases” in the future. These waveforms may be used by services optimized for different use cases sharing the same spectrum. It is possible that different waveforms may be adjacent to each other in time or frequency. A first order assessment of the interference among these waveforms is to compare their OOB emission.
However, OOB emission is a statistical term defined for a stationary process that has infinite time support. For the near orthogonal waveforms that are closely spaced in time and frequency, the interference among them is best characterized by their cross correlation. Consider two OFDM-based waveforms 
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The two signals may have different prototype functions 
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 resulting from filtering, windowing or other processing of the techniques listed in Table 1. They may even have different time supports 
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 (or sub-carrier spacing equivalently). Ignoring channel and noise for clarity, the interference introduced by symbol 
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which is a function of the cross correlation between the two prototype functions and the time-frequency separation between them. It is thus the aggregated effect of these terms, both intra-signal and inter-signal, that determines the performance of the waveform design. Therefore, the best method for benchmarking different candidates is to generate coded and modulated waveform for each of them, multiplex them in the appropriate time-frequency areas and study their Block Error Rate (BLER) performance.
4. Conclusion
In summary, based on the above discussion we have the following proposals:
Proposal 1: New Radio waveform should remain OFDM-based with a number of choices for the length of cyclic prefix, including one that is zero. Multi-carrier offset QAM should be precluded from the study due to its disadvantages in channel estimation and MIMO support.
Proposal 2: Link level simulation, instead of OOB emission, should be used to evaluate the interference condition when multiplexing different waveforms in adjacent bands.
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