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Discussion and Decision 
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Introduction
An objective of the new radio (NR) study item [1] is to identify and develop technology components being able to use any spectrum band ranging at least up to 100 GHz. The goal is to achieve a single technical framework addressing all usage scenarios, requirements and deployment scenarios defined in TR38.913 [2].

Initial work of the study item should allocate high priority on gaining a common understanding on what is required in terms of radio protocol structure and architecture to fulfil objective 1 and 2, with a focus on progressing in the following areas: 
· 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

In this contribution we discuss various system aspects related to the use of OFDM-based waveforms for the new radio.  
2
Discussion
OFDM-based waveforms are considered as the most suitable choice for the downlink, uplink, relay and backhaul transmissions in the new RAT. Waveforms of the OFDM family (including their single-carrier frequency division multiple access (SC-FDMA) and time/frequency domain variants) are a good choice over the whole frequency range, due to high flexibility in multiple access, good MIMO compatibility and low complexity FFT-based implementations with scalar equalization. For 5G low latency services, they can be seen as well-suited candidates due to the provided good time-localization properties enabling low latency. Different OFDM variants, such as low peak to average power ratio (PAPR) DFT-S-OFDM (DFT spread OFDM) with null-cyclic prefix (CP)/zero-tail and universal filtered (UF-OFDM) can be obtained as a straightforward add-on over basic OFDM without adding significant complexity as shown in Figure 1. Note the ordinary of blocks are indicative and can be varied depending on the implementation.
Observation: Waveforms of the OFDM family are a good choice over the whole frequency range, due to high flexibility in multiple access, good MIMO compatibility and low complexity FFT-based implementations with scalar equalization.
By using a null-CP / zero tail, the cyclic prefix (CP) is replaced by zero values which are part of the symbol itself (see example of ZT DFT-spread OFDM step (a) in Figure 1. Besides providing the normal protection against delay spread like a normal CP, the zero value CP can also provide additional guard time needed for uplink/downlink switching as well as beam switching. One other benefit of zero-tail DFT-spread OFDM is that the overhead related to the cyclic prefix or guard periods can be adapted flexibly to the propagation conditions, cell size etc., instead of being hard-coded in the numerology. 
Observation: the zero tail DFT-S-OFDM provides flexibility to the propagation conditions.

Note that FDMA might not be necessary for mmWave bands above, e.g., 40 GHz, because for these frequencies, short delay spreads and short symbols enable efficient TDMA. This is also preferred, as FDMA is limited by the use of hybrid / analog beamforming. Power efficiency is most important at the mmWave bands above around 40 GHz given the large bandwidths available and hence low PAPR waveforms should be considered. Given the importance of low PAPR waveforms, the use of carrier aggregation (CA) should be avoided since CA destroys the low PAPR properties.  For mmWave it is important to have very low PAPR and hence a pulse shape (typically the root-raised cosine pulse) is added. The pulse shape can be implemented in the frequency-domain of the ZT DFT-S-OFDM transmitter by adding a step which applies the pulse shaping in the frequency domain as shown by the processing step (c) in Figure 1. This variant adds the root-raised cosine before taking the IFFT to the ZT DFT-S-OFDM. The addition of the pulse shape will further lower the PAPR based on the roll-off factor of the root-raised cosine. Note that regular ZT DFT-S-OFDM has a roll-off factor of 0 meaning the frequency-domain filter is a rectangular window. However with a roll-off of greater than 0, this improvement in PAPR comes at a cost of spectral efficiency and hence a trade-off between power amplifier (PA) efficiency and spectral efficiency needs to be considered.
Observation: Single carrier is benefical for mmW bands but in combination with carrier aggregation, single carrier waveforms have marginal benefits over OFDMA
At lower carrier frequencies (e.g., below around 6 GHz) multiplexing of different air interface configurations for the different use cases in an FDMA manner is potentially beneficial. Then, the frequency domain filtering could be applied over parts of the carrier bandwidth in order to improve isolation between subbands and to allow asynchronous communication or user specific numerology. This waveform with zero padding in step (f) is called like UF-OFDMA. PA (Power Amplifier) have significant impact to performance of waveforms and hence power spectrum results should be generated by using realistic PA-model [5].
Observation: frequency domain filtering applied over parts of the carrier bandwidth would improve isolation between sub-bands and allow asynchronous communication or user specific numerology.
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Figure 1. Generation of flexible OFDM based waveforms. 
The indicative waveform considerations for different frequencies are summarized in the Table 1. To have same waveform for both uplink and downlink especially in TDD systems would be highly beneficial as it would enable better utilization of flexible TDD, D2D, in-band relay solutions etc. 
Table 1. The indicative waveform considerations for different frequencies

	< 6 GHz
	3 - 40 GHz
	>  40 GHz

	eMBB, mMTC, URLLC
	eMBB – main focus
URLLC – to be considered.
	eMBB

	For these frequencies, efficient multiplexing of traffic for different services and use cases on the same contiguous block of spectrum is essential and hence subband wise  filtering should be considered

	For these frequencies, a high modulation order (256 QAM) and high rank is essential to achieve 20 Gbit/s.


	For these frequencies, short delay spreads and short symbols enable efficient TDMA. This is also preferred, as FDMA is limited by hybrid / analog BF. Power efficiency is most important and hence low PAPR SC waveforms should be considered.  CA is not preferred due to increased PAPR

	DL:   UF-OFDM
Uplink: UF-OFDM + DFT-S option (FFS))
	DL: CP-OFDM

UL: CP-OFDMA+ DFT-S option  (FFS)
	DL/UL: ZT-DFT-S-OFDM / Null CP-Single Carrier


3
Conclusion
OFDM-based waveforms are considered as the most suitable choice for the downlink, uplink and relay transmissions in the new RAT. In this contribution we have discussed various system aspects related to the OFDM based waveforms for the new RAT and provided rationale for the usage of different OFDM based waveforms for different frequency ranges. It is discussed that different OFDM variants, such as low PAPR DFT-S-OFDM with zero-tail and UF-OFDM with subband-wise filtering can be obtained as a straightforward add-on over basic OFDM.
Proposal 1: The waveform for the new radio is based on OFDM. 
Proposal 2 : CP-OFDMA should be used for bands e.g, below 40 Ghz
Proposal 3 : UF-OFDMA should be considered for lower bands e.g, below 6 Ghz

Proposal 4: Single carrier waveforms with zero tail/null CP should be used in the mmWave bands above e.g., 40 GHz.
Proposal 5 : Impact of the nonlinear power amplifier should be taking account in waveform comparison
Proposal 6: When using single carrier waveforms in DL, carrier aggregation within single PA should be avoided.

Proposal 7: Same waveform for both uplink and downlink especially in TDD systems would be highly beneficial
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