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1   Introduction
In RAN#71, a SI on new radio (NR) access technology was agreed [1] to meet a broad range of use cases including enhanced mobile broadband, massive MTC, and critical MTC covering frequency ranges up to 100 GHz. In RAN1#84bis the following was agreed regarding waveforms for NR,

· Waveform is based on OFDM 

· Multiple numerologies are supported

· 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 document, we provide our views on criteria/metrics for waveform selection for NR and candidate waveform technologies that merit study in the NR SI. 
2   Discussion

2.1 Waveform selection criteria / metrics
The NR waveform design should consider and fulfil a comprehensive set of criteria/metrics. Relative priority of criteria/metrics may be frequency band specific (sub-6GHz, mmWave). In RAN1#84bis [2], some evaluation metrics such as user spectrum efficiency, EVM, PAPR/CM, UE complexity, PSD, OOBE level were agreed. Additional criteria/metrics for waveform selection should also be considered, and can include,
· Waveform orthogonality in distortion-free and multipath channels
· Complexity/efficiency of pilot signal generation/channel estimation
· Complexity/efficiency integration/pairing with MIMO

· Time and frequency overhead with transmit/receive filter/waveform transition times, occupied bandwidth, and need for inter-user guard subcarriers for multiple access
· Latency/efficiency of short-packets transmission / reception (e.g., block processing delay)

· Suitability for efficient use of fragmented/opportunistic spectrum taking in to considerations OOB emission requirements
· Robustness to time/frequency synchronization and requirements
· Waveform PAPR/CM especially for UL and higher-frequency bands due to PA efficiency constraints.
RAN1 should also study the pros/cons of different candidate waveforms in light of the above additional criteria/metrics. 
2.2 Candidate waveforms

Multiple candidates have been proposed for NR waveforms (including OFDM/DFT-SOFDM). Characteristics of some of the waveform candidates are described below.

· OFDM / SC-FDM (DFT-SOFDM) with CP
· Rectangular windowing (LTE)
· OOB emissions controlled by implementation-specific baseband/RF windowing/filtering 

· CP maintains orthogonality even in delay-spread channels (with long enough CP) – no intra-cell interference

· Efficient pilot transmission and MIMO support
· Low-complexity receiver 

· Best suited for large contiguous bandwidth carriers

· Spectral efficiency improvements via CP selection & RF filtering (improved BW occupancy) 
· Variants such as zero-tail SC-FDM (with no CP) can improve OOB at expense of higher PAPR/CM
· OFDM with CP and OTFS processing 
· OOB emissions controlled by implementation-specific baseband/RF windowing/filtering due to OFDM rectangular windowing
· 2D frequency-time spreading with OTFS complex exponential basis functions to exploit frequency and time diversity

· OTFS requires block (multi-symbol) processing thereby impacting latency, and buffering requirements
· Pilot transmission/channel estimation require multiple pilot symbols due to OTFS 2D-spreading (achieve separability in delay-doppler domain) potentially impacting forward compatibility with restrictions on pilot signals confinement 
· Requires advanced equalization and interference cancellation receiver due to OTFS 2D-spreading
· OTFS 2D-spreading can result in power variations between OFDM symbols

· Limited benefit expected in scenarios of low Doppler, short TTI with smaller number of OFDM symbols, and OFDM channel interleaving over the entire TTI duration.  
· Filter-Bank Multi-Carrier (FBMC) Techniques 

· Per-subcarrier Filtered Multi-Carrier (e.g., OFDM-OQAM, GFDM) or subcarrier-group Filtered Multi-Carrier (UFMC)

· Filtering achieved by linear or circular convolution 

· Improved subcarrier/ subcarrier-group localization at baseband when compared to OFDM/DFT-SOFDM due to filtering 

· Filter length and design (time-frequency localization) impacts amount of localization 
· Reduced sensitivity to synchronization and frequency-offset errors
· Suitable for fragmented and opportunistic (cognitive) spectrum access 
· Need investigations on achievable OOB emission reduction over OFDM after transceiver and PA non-linearity
· High waveform PAPR/CM due to filtering not attractive for UL
· FBMC filter length and design impacts

· Filter ramp-up and ramp-down overhead with linear convolution 

· Impacts short burst transmissions (short TTI)
· Limiting (truncating) the filter tails can reduce the overhead at the expense of some interference and spectral re-growth

· Use of circular convolution and block (multi-symbol) processing to eliminate filter ramp-up and ramp-down overhead 

· However, block processing creates discontinuities degrading OOB emissions 

· Block processing duration impacts filter length and achievable stop-band attenuation
· Multi-symbol processing increases sensitivity to Doppler and impacts short TTI transmissions

· Use of CP with circular filtering and block processing reduces inter-block interference in delay-spread channels with low CP overhead due to CP per symbol-block instead of per symbol
· Need for guard subcarrier(s) between user allocations (especially on the UL) due to filtering frequency spread

· FBMC subcarrier orthogonality 

· Real-field orthogonality for OFDM/OQAM only in distortion-free (one-tap) channels
·  Some techniques (e.g., GFDM, UFMC) are non-orthogonal / non-perfect reconstruction even in distortion-free (one-tap) channels

· Subcarrier-group filtering causes ICI on the close to the edge subcarriers of each subcarrier-group.
· Advanced equalization and interference cancellation receiver needed to handle intrinsic ICI  intra-cell interference
· Subcarrier orthogonality loss in delay-spread channels

· Need CP like OFDM with circular filtering and block processing to reduce inter-block interference and reasonable receiver implementation complexity
· Challenges with FBMC schemes due to orthogonality loss and inherent ICI
· Efficient pilot generation/channel estimation

· MIMO integration/support
· Receiver (ICI equalization/interference cancellation) complexity
Table 1 provides a relative (poor < better < good) summary of characteristics of the waveform candidates for the criteria / metrics described in section 2.1.
Table 1 – Summary of candidate waveform characteristics (Poor < Better < Good).
	Candidate waveform
	Orthogonality in distortion-free channel
	Orthogonality in multipath channel
	Pilot signal generation / channel estimation complexity
	MIMO integration / pairing
	OOB suppression 
	Short-packets transmission / reception latency
	Fragmented/ opportunistic spectrum efficient use
	Time/ frequency sync robustness
	Receiver complexity
	PAPR / CM

	CP-OFDM
	Good
	Good
	Good
	Good
	Better
	Good
	Poor
	Better
	Good
	Poor

	CP-SC-FDM / DFT-SOFDM
	Good
	Good
	Good
	Good
	Better
	Good
	Poor
	Better
	Good
	Good

	CP-OFDM with OTFS
	Good
	Good
	TBD
	TBD
	Better
	Poor
	Poor
	TBD
	Poor
	Poor

	Zero-tail SC-FDM
	Good
	Better (depending on tail guard)
	Better
	Better
	Good
	Good
	Poor
	Better
	Good
	Better

	OFDM-OQAM (no CP)
	Good
	Poor
	Poor
	Poor
	Good
	Poor
	Good
	Good
	Poor
	Poor

	CP OFDM-OQAM
	Good
	Good
	Poor
	Poor
	Good
	Better
	Good
	Good
	Poor
	Poor

	GFDM
	Poor
	Poor
	Better
	Better
	Good
	Better
	Good
	Good
	Poor
	Poor

	UFMC
	Poor at edge subcarriers
	Poor 
	Better
	Better
	Good
	Better
	Better
	Better
	Better
	Poor


The merits of OFDM/SC-FDM in regard to pilot generation/channel estimation, MIMO integration, together with low-complexity receiver implementations make OFDM/SC-FDM a prime waveform candidate for the new RAT. Advances in RF filtering technology is expected to improve bandwidth occupancy (from 90% to 95%) compared to LTE providing a spectral efficiency boost.  Reduced latency short TTI requirements also favor OFDM/SC-FDM compared to multi-symbol block processing OTFS and FBMC schemes due to inherent delay with block processing. 
Practical beamforming/steering (e.g., hybrid RF/analog + digital beamforming) design needs for high frequency mmWave bands favor simplicity and waveform orthogonality to enable low complexity beamforming / MIMO implementations. Use of analog beamforming does not support frequency selective link adaptation. Waveform PAPR/CM is also expected to be an important criterion for higher-frequency bands due to PA efficiency issues. These design constraints impact the waveform and multiple access scheme choice for high frequency (>6GHz) bands and should be considered for mmWave waveform design. One promising candidate that fulfils much of these design requirements is the low complexity, low PAPR/CM SC-FDM (orthogonal) waveform which can be considered for both downlink and uplink communication in mmWave bands. Multiple access for these high frequency bands is expected to primarily based on TDMA+SDMA to enable support of hybrid analog + digital beamforming transceiver architectures with numerology supporting short TTI transmission bursts (e.g., [3]).  Availability of large channel bandwidths at mmWave frequencies may downplay the immediate need for high rank MIMO support.   
New waveforms based on FBMC techniques are promising candidates for fragmented and shared/opportunistic (cognitive) spectrum access and applications/use cases with relaxed synchronization constraints. The possibility to support different waveforms for different use cases possibly coexisting on the same carrier can be studied.  
3 Conclusion
In this document, we discussed criteria/metrics for waveform selection for NR and candidate waveform technologies. 
· RAN1 should consider additional criteria/metrics for evaluation of waveforms for downlink and uplink, such as complexity/efficiency of pilot signal generation/channel estimation, integration/pairing with MIMO, latency/efficiency of short-packets transmission / reception, time/frequency synchronization robustness. 
· A metric may have a different degree of importance for sub-6Hz and >6GHz frequency bands.
· The criteria/metrics should be used to study benefits of new waveforms over LTE OFDM/SC-FDM waveform with improved (e.g., 95%) bandwidth occupancy. 
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