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Introduction
At the RAN#71 meeting, the new SI of  “Study on NR New Radio Access Technology” [1] was approved with fundamental physical layer signal structure for new RAT as one of the targeting areas, including
· Waveform based on OFDM, with potential support of non-orthogonal waveform and multiple access
· FFS: other waveforms if they demonstrate justifiable gain
Waveform evaluation assumptions have reached some consensus on evaluation method, evaluation cases, metrics and parameters. 
In this contribution, we provide the link level simulation results on CP-OFDM and FBMC under case 1a/1b/2, with BLER-vs-SNR as the metric. Due to the time limitation, not all parameter combinations are visited.

Case 1a Simulation results 
Figure 1 shows the BLER-SNR curves under case 1a for CP-OFDM and FBMC, respectively. Three types of channels, combined with different delay spreads (DS’s), including TDL-A with 10ns and 30ns DS, TDL-B with 100ns DS, and TDL-C with 300ns and 1000ns DS are used. It is assumed that CP-OFDM and FBMC use the same 50 PRBs for transmission. The guard band for potential transmission due to the good spectrum shape of FBMC is reserved before future assumptions, e.g., PA non-linearity, power allocation, and etc., are made. Other simulation parameters are summarized in Appendix.
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[bookmark: _Ref450842719]Figure 1 BLER-SNR for CP-OFDM and FBMC under case 1a
From the figure, it is shown that there is not much difference between CP-OFDM and FBMC. As FBMC may outperform CP-OFDM in combating ICI and there is ICI introduced by Doppler spread, we can see that there is minor gain with FBMC over CP-OFDM in some cases; while, the minor performance loss with FBMC would come from the CP-less mechanism which would suffer a bit from the multi-path propagation environment and the equalizer simplification with constant channel response within a subcarrier. However, as FBMC is CP-less, with FBMC we can put 15 symbols into 1 SF instead of 14 symbols with CP-OFDM. Then, compared to CP-OFDM, there would be 7% SE gain with FBMC although there is minor BLER performance loss as shown in Figure 1. 
As for different channel types, since we think that TDL-A, TDL-B and TDL-C share close performance, the difference between curves reflects the impact from the delay spread. In the simulation, the channel gain are normalized in the transmission band. Therefore, the instant SNR averaged over the band is the evaluated SNR, and time domain selectivity is not simulated. A larger DS allows more distinct paths because of the rounding operation in sampling. The distinct paths’ number contributes to the frequency diversity, which is further reflected in the negative slope in the figure.
The following observations are made
Observation 1: FBMC shows a close BLER compared to CP-OFDM, under case 1a.
Observation 2: Larger delay spread shows higher frequency diversity order for wide-band transmission, under case 1a.

Case 1b simulation results
Figure 2 shows the BLER-SNR curves under case 1b for CP-OFDM and FBMC, respectively. Three types of channels, combined with different DS’s, including TDL-A with 10ns and 30ns DS, TDL-B with 100ns DS, and TDL-C with 300ns and 1000ns DS are used. It is assumed that all the three waveforms use the same 4 PRBs for transmission. As case 1b is an uplink scenario, an extra DFT precoder is performed on the subband subcarriers after the layer mapper. Other simulation parameters are summarized in Appendix.
Figure 2 shows that there is not much difference between CP-OFDM and FBMC. 
As for different channel types, a larger delay spread tends to generate more severe frequency selectivity, to which the single-carrier mode is sensitive. Meanwhile, the channel gain in the subband is normalized, so a channel with a short delay spread behaves more as an AWGN channel under the target SNR. As delay spread increases, the frequency selectivity degrades the performance.
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[bookmark: _Ref450895594]Figure 2 BLER-SNR for CP-OFDM and FBMC under case 1b
The following observations are made
Observation 3: FBMC shows a close BLER compared to CP-OFDM, under case 1b.
Observation 4: Larger delay spread shows more severe frequency selectivity and further degrades the performance, under case 1b.

Case 2 simulation results
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[bookmark: _Ref450897640]Figure 3 BLER-SNR for CP-OFDM and FBMC under case 2
Figure 3 shows the BLER-SNR curves under case 2 for CP-OFDM and FBMC, respectively, with interference from a different numerology and the guard subcarrier number being 0, denoted as GS0 OFDM, and GS0 FBMC, respectively. CP-OFDM without interference, denoted as OFDM, is also shown in the figure as a reference. Three types of channels, combined with different DS’s, including TDL-A with 10ns and 30ns DS, TDL-B with 100ns DS, and TDL-C with 300ns and 1000ns DS are used. It is assumed that all the three waveforms use the same 4 PRBs for transmission. The interfering numerology takes the same bandwidth adjacent to the target transmission. Other simulation parameters are summarized in Appendix.
From the figure, it shown that the interference from a different numerology brings the conventional CP-OFDM around 0.3dB loss, while FBMC achieves a close performance to non-interfered CP-OFDM. 
As for different channel types, a larger delay spread tends to generates more severe frequency selectivity, which affects multi-carrier mode as well, but not as much as single-carrier mode.
The following observations are made
Observation 5: Interference from a different numerology brings CP-OFDM around 0.3dB loss, under case 2.
Observation 6: FBMC shows a close performance compared to non-interfered CP-OFDM, under case 2.

Conclusions
In the contribution, we put forward the following observations on waveform evaluation for new RAT:
Observation 1: FBMC shows a close BLER compared to CP-OFDM, under case 1a.
Observation 2: Larger delay spread shows higher frequency diversity order for wide-band transmission, under case 1a.
Observation 3: FBMC shows a close BLER compared to CP-OFDM, under case 1b.
Observation 4: Larger delay spread shows more severe frequency selectivity and further degrades the performance, under case 1b.
Observation 5: Interference from a different numerology brings CP-OFDM around 0.3dB loss, under case 2.
Observation 6: FBMC shows a close performance compared to non-interfered CP-OFDM, under case 2.
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Appendix
The simulation parameters are listed in
	Assumptions 
	Value 

	Carrier Frequency
	4GHz 

	System Bandwidth 
	10 MHz

	Subcarrier Spacing 
	15kHz

	Guard Time Interval
	4.7us (interval of LTE normal CP) for CP-OFDM
0 us for FBMC

	FFT Size 
	1024

	Data Transmission Bandwidth 
	Case 1a: 50 PRBs
Case 1b: 4 PRBs
Case 2a: 4 PRBs

	Interference for Case 2
	4 PRB with FFT size 512, subcarrier spacing 30kHz, time domain symbol duration including CP scaled by 2. 

	Antenna Configuration
	1T1R

	Rank per UE
	1

	MCS 
	16QAM: 1/2

	Control Overhead 
	Zero

	Channel Estimation
	Ideal

	Channel Equalization
	Case 1a/2: frequency domain ZF
Case 1b: frequency domain linear MMSE

	Channel Model
	TDL-A with 10/30 ns DS, TDL-B with 100 ns DS, and TDL-C with 300/1000 ns DS
Mobility: 3km/h

	Channel Normalization
	Channel gain normalized in the transmission band. Instant channel gain averaged over the transmission band is equal to 1.

	FBMC Parameter
	OQAM with Phydyas prototype
Overlap factor 4
Transceiver structure with PPN and channel response assumed constant within a subcarrier
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