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1 Introduction
In the RAN1#84bis meeting, requirements and candidates for waveforms for the new radio were discussed, and it was agreed that: 
· Waveform is based on OFDM 

· Additional functionality on top of OFDM such as DFT-S-OFDM, and/or variants of DFT-S-OFDM, and/or filtering/windowing, and/or OTFS is further considered
· Complementary non-OFDM based waveform is not precluded for some specific use cases (e.g., mMTC use case)
In this contribution, we present our views on the waveform candidate for high frequencies.
2 Considerations on waveform for high frequencies
Requirements and design principles for the waveform of the new radio were discussed in [1]. However, it was mainly about general considerations for a wide frequency range including both below and above 6GHz. In this section, we highlight several particular considerations and requirements on the waveform for high frequencies (i.e., above 6GHz).
2.1 Beam-dependent channel condition
When it comes to high frequencies (i.e., above 6GHz), beamforming with focal or phrased array is usually applied to overcome the large path loss. In this case, the experienced delay spread will be reduced, leading to an increased coherence bandwidth. The channel characteristics after beamforming including delay spread have been discussed in a companion paper [2], where the relationship between the beam patterns applied and the resulting delay spread are reported. As such, the choice on waveform should be revisited. With different/reduced delay spread, the multi-carrier waveform of OFDM, which has been proven efficient in combating rich multi-path scattering, may no longer be the most straightforward choice. Instead, single-carrier waveforms such as DFT-s-OFDM, which offers additional advantages such as lower PAPR can be considered. In general, a careful investigation on the channel conditions after beamforming is highly desirable, for the purpose of waveform design, evaluation, and comparison.
2.2 Low PAPR

Enabling reduced power back-off and thus more flexibility to deal with the severe path loss and RF impairments, low PAPR is also a desirable property in high frequencies. For OFDM, several PAPR reduction methods were discussed in [3]. There are distortionless methods with which PAPR reduction can be achieved without EVM loss, such as Partial transmit sequence (PTS), Tone reservation (TR), leaving more EVM tolerance for the RF impairments. For single-carrier waveforms such as DFT-s-OFDM, low PAPR can be achieved as compared with OFDM, and it can also be combined with different PAPR reduction schemes, such as the one proposed in [4]. For both waveforms, methods with EVM loss (e.g., clipping, companding) have also been applied in practice for low complexity and eliminated overhead. In general, for waveform design, the PAPR performance should be carefully evaluated based on a reasonable EVM assumption.
2.3 Phase noise robustness

A realistic phase noise level and a reasonable dynamic range should be considered for each frequency band. The selected waveform should be sufficiently robust against diverse phase noise levels experienced at different UEs, or allow for simple and efficient phase noise compensation (PNC) at the UE side. In general, the phase noise level increases with the carrier frequency (i.e., 6dB worse if the carrier frequency doubles). Assuming the same modulation format used (e.g., 64QAM), as the carrier frequency increases, more attention should be paid to the augmented phase noise.
For OFDM, phase noise introduces common phase error (CPE) and inter-carrier interference (ICI). Wider subcarrier spacing is preferred in high frequencies to conquer these degradations, and a tradeoff between subcarrier spacing and CP overhead should be made carefully. For single-carrier waveforms such as DFT-s-OFDM, phase noise causes phase error of each modulated symbol and by exploiting the correlation in the time domain, it could be estimated and compensated by blind or pilot-assisted PNC schemes. In general, the robustness of single-carrier waveforms against phase noise is more related to the ability to track and compensate for the phase noise in the time domain, and the subcarrier spacing, if DFT-s-OFDM is used, becomes less important.  
3 Discussions on waveform candidates

3.1 OFDM-based waveforms
If the applied analog beam is not too narrow, the experienced channel is still frequency-selective and multiple users are likely to be covered by a single beam. To enable convenient FDM of multiple users and also exploit the frequency-selective scheduling (and diversity) gain, CP-OFDM and its variants are still considered promising options. As discussed in [5], for OFDM, if a lower OOBE is required, a filter can be added after CP insertion, i.e., using filtered OFDM.
3.2 DFT-s-OFDM-based waveforms

As discussed in the previous section, as the carrier frequency increases, low PAPR and phase noise robustness become important, and the propagation channel becomes less frequency-selective after narrow beamforming. Taking these into consideration, single-carrier waveforms, such as DFT-s-OFDM and its variants, are of interests.
In the RAN1#84bis meeting, several variants of DFT-s-OFDM were proposed, including zero-tail (ZT) DFT-s-OFDM [6], guard interval DFT-s-OFDM [7] and static sequence DFT-s-OFDM [8], where guard interval and static sequence DFT-s-OFDM are basically the same, so we use a general term unique word (UW) DFT-s-OFDM instead. As shown in Figure 1 (b), ZT/UW DFT-s-OFDM have a similar structure, where ZT or UW is inserted before DFT spreading, and no additional CP is added. Furthermore, ZT/UW can be inserted at only the end of data block, or also at the head of data block, while the latter one can help reduce the out-of-band emission (OOBE). 
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Figure 1. DFT-s-OFDM and its variants

As shown in Figure 2, for ZT/UW DFT-s-OFDM, the ZT/UW of previous symbol takes the role of CP for the next symbol. However, compared to CP-based DFT-s-OFDM, there are two main drawbacks:
1) The signals in the ZT or UW region are not exactly the same across consecutive symbols. Although the ZT/UW themselves are always the same, due to up-sampling and pulse-shaping effects of the “DFT-IFFT” structure, the energy of the data block leaks into the ZT/UW region, which makes them “imperfect CPs” with reduced capability of cancelling the inter-symbol interference (ISI) in multi-path spreading channels.
2) Higher ZT/UW overhead than CP-based DFT-s-OFDM. Assuming ZT/UW and CP have the same length, the overhead of ZT/UW will be higher than that of CP due to the reduced symbol duration.

For these reasons, we have the following observation:

Observation: ZT/UW DFT-s-OFDM may suffer from ineffective equivalent CP or high overhead, which should be carefully investigated.
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Figure 2. Time domain structure of CP-based DFT-s-OFDM and ZT/UW DFT-s-OFDM

It is potentially beneficial to allow DFT-s-OFDM and OFDM have same or similar numerologies, for instance, to enable common design of frame structure and physical channels, or to facilitate interference coordination if they coexist in the same frequency band. However, this appears difficult with ZT/UW DFT-s-OFDM as the framework and numerology of them are generally also not aligned with CP-OFDM, due to absence of CP. 
For CP-based DFT-s-OFDM, if a lower OOBE is required, as illustrated in Figure 1 (a), a filter can be added after CP insertion, i.e., using filtered DFT-s-OFDM.

In the downlink, when the BS is transmitting towards multiple UEs, with multiple DFT-precoded data streams continuously mapped on the IFFT, the PAPR will be increased. This seems not a big problem as it happens at the BS side only. To further ease this issue, one can also appeal to the time and spatial division approaches. For the spatial division case, the BS can transmit to multiple UEs via spatial division enabled by utilizing multiple sub arrays.  

Summarizing the discussions in this section, we have the following proposal:

Proposal: To establish a unified waveform framework for the new radio in bands both below and above 6GHz, OFDM or DFT-s-OFDM with additional filtering should be considered. 
4 Conclusions
Based on the discussions above, we make the following observation and proposal:

Observation: ZT/UW DFT-s-OFDM may suffer from ineffective equivalent CP or high overhead, which should be carefully investigated.
Proposal: To establish a unified waveform framework for the new radio in bands both below and above 6GHz, OFDM or DFT-s-OFDM with additional filtering should be considered. 
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