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Introduction
In RAN1 #84b, several OFDM-based waveform candidates have been proposed for further evaluation in NR [1]. It was further agreed that a few test cases could be used as common platform for further comparison across these candidates [2] [3]. Those test cases were setup mainly to evaluate the impact to demodulation loss when there are close-by non-orthogonal interferers adjacent to the target user. Although the exact use cases and requirements are not explicitly clear at this stage, the non-orthogonality could potentially come from 
· Multiplexing of OFDM waveforms with scaled numerology
· Asynchronous multiple access among different users.

Extensive evaluations have been done to compare the waveforms’ performance, which can be found in the corresponding contributions [5]-[13].
It should also be emphasized that in addition to link level performance, other critical metrics of the waveform design should also be considered in the waveform evaluation as well, such as
· the associated transmitter and receiver complexity, 
· extra group delay 
· switching overhead in TDD deployment, 
These important metrics are not explicitly considered by those evaluation test case.
In this contribution, we provide some further analysis on those metrics and compare different waveform candidates. For simplicity of comparison, we only choose WOLA and FOFDM in the comparison, representing windowing and filtering technique, respectively. Similar analysis should be easily extended to other waveform candidates as well.
Proposal 1: in addition to link level performance evaluation, other metrics including signaling delay, UL-DL switching overhead, transmitter and receiver complexity should also be considered in evaluation and comparison of waveform candidates.
Comparison of important metrics
Extra group delay
Different waveform candidate implies different group delay from the transmitter side. Specifically,
· For filtering technique, the extra group delay is equivalent to the FIR filter length.
· For windowing technique, the extra group delay is equivalent to the length of window edge, i.e. window length minus the OFDM symbol length.
Therefore, there is fundamentally a trade-off between the ICI suppression performance and the associated group delay for any waveform candidate.
For filtering technique, it is well known that sharper spectrum roll off will require longer filter length. Similarly, for windowing technique, larger window size will also lead to better spectrum containment. For example, FBMC can be viewed as a windowing technique spanning four ofdm symbols, and exhibit much sharper spectrum roll off than most other waveform candidates. 
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[bookmark: _Ref458705239]Figure 1 Extra signaling delay due to waveform (filtering or windowing)

The extra group delay directly translate to end-to-end signalling delay, as shown in Figure 1.
[bookmark: _Ref458719651]Table 1 Extra delay associated with WOLA and F-OFDM
	Waveform 
	Extra delay

	WOLA
	2.5% of symbol length (as used in [13]

	F-OFDM
	50% of symbol length 



Notice that such extra delay can impact low latency services, especially URLLC.
Observation 1: Filtered OFDM introduces longer signalling delay than WOLA, which could potentially impact URLLC

TDD switching overhead
For self-contained subframe with TDD deployment, there are DL-to-UL and UL-to-DL switchings in each subframe (or “interval C”). Extra delay listed in Table 1in the waveform synthesis due to filtering or windowing also implies a tighter DL-UL switching margin, as shown in Figure 2.
Based on recent RAN1 discussions, it is expected that each switching guard time is targeted at roughly half symbol. Therefore, the half-symbol filter length of f-ofdm will eat into almost the entire switch guard. Therefore, in order to maintain the switching guard, either the number of payload symbols need to be reduced or the filter has to be truncated at the burst boundary. The former will increase overhead and the latter to lose the OOB suppression property of the original filter. On the other hand, WOLA will only eat into the guard interval by 2.5% of symbol length, as shown in Table 1.
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[bookmark: _Ref458719742]Figure 2 Impact to UL-DL switching margin

Observation 2: Filtered OFDM introduces higher DL-UL switching overhead than WOLA in TDD system.
Transmitter and receiver complexity
One key difference between the filtering and windowing technique is the computation complexity at both the transmitter and receiver. In this section, we look at the extra complexity introduced by WOLA and F-OFDM at the transmitter and receiver, compared to the baseline CP-OFDM without any filtering/windowing techniques.
To illustrate this difference, we can take a simple example with the following assumptions (just for illustration):
· IFFT size:  L = 2048
· Number of assigned RB: K = 50
· CP length: P = 140 (roughly 7% of symbol length).

Transmitter side
For WOLA [1], the complexity at both transmitter and receiver are simply extra multiplications, and the number of multiplications equal the window edge length. For example, if the WOLA edge is 2.5%, then the number of extra multiplications is  102 per symbol per transmit antenna.
For F-OFDM, the filtering can be implemented by either time domain convolution, or frequency domain circular convolution through the “overlap-save” or “overlap-add” methods [14].
Since the FIR tap length is half the symbol length, the time domain multiplication will introduce large number of multiplications, which is  extra multiplications per symbol per transmit antenna. This is obviously prohibitive. 
Therefore, it is much viable to use the frequency domain circular convolution. Assume the “overlap-save” method is taken, and assume we still take the 2048-point IFFT, then each overlap segment can only generate  non-aliased samples from the circular convolution. Depending on the burst length, each symbol will need 2~3 overlap segments to generate the filtered outputs. Each overlap segment will require 1 FFT and 1 IFFT of length L, as well as L multiplications to implement circular convolution. Therefore, there would be up to 6 extra FFT/IFFT operations and 2048 extra multiplications per symbol per transmit antenna. Similar analysis applies to “overlap”
These numbers are briefly summarized in Table 2.
Receiver side
At receiver side, RxWOLA can be optionally performed when there are asynchronous interferers. In this case, the extra complexity is similar as on the transmitter side.
F-OFDM assumes matched filter to the transmitter, and therefore, similar time domain or frequency domain convolution will be required as at the transmitter.
Therefore, extra complexity at the receiver side is same as that at transmitter side, as shown in Table 2.

[bookmark: _Ref458768148]Table 2 Extra computation compared to CP-OFDM
	
	Extra FFT/IFFT operation 
(per symbol per Antenna)
	Extra multipliers
(per symbol per Antenna)

	WOLA
	Tx: 0
Rx: 0
	Tx: L * 2.5% * 2 = 102
Rx: L * 2.5% * 2 = 102 (if RxWOLA used)

	F-OFDM (time domain convolution)
	Tx: 0
Rx: 0
	Tx: ~(L+P)*L/2 =  2,240,512 
Rx: ~(L+P)*L/2 =  2,240,512

	F-OFDM (frequency domain overlap-save)
	Tx: 3*(size-2048 FFT + size-2048 IFFT)
Rx: 3*(size-2048 FFT + size-2048 IFFT)
	Tx: L * 3 = 6144
Rx: L * 3 = 6144
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 Conclusions
In this contribution, we provided some further thoughts on the simulation assumptions for the waveform test cases 3 and 4. We argued that some setup and specific parameter combinations are not realistic (or typical) under practical deployment. We also proposed a few adjustments to the existing assumptions to better evaluate the different waveform candidates.
Observation 1: Filtered OFDM introduces longer signalling delay than WOLA, which could potentially impact URLLC services.
Observation 2: Filtered OFDM introduces higher DL-UL switching overhead than WOLA in TDD system.
Observation 3: Filtered OFDM introduce higher complexity at both transmitter and receiver compared to WOLA, whether use frequency or time domain implementations.
Proposal 1: in addition to link level performance evaluation, other metrics including signaling delay, UL-DL switching overhead, transmitter and receiver complexity should also be considered in evaluation and comparison of waveform candidates.
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