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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 agreements on evaluation method, evaluation cases, metrics and parameters in [2][3][4].
In this contribution, we provide the link level simulation results on CP-OFDM, f-OFDM, W-OFDM and FBMC under case 1a/1b/2/3/4, with their PSD and BLER-vs.-SNR curves. Due to the time limitation, not all parameter combinations are visited. The configuration of f-OFDM and W-OFDM for the evaluation can be found in [5].

Power spectral density
The PSDs of OFDM, f-OFDM, W-OFDM and FBMC are shown in Figure 1 and Figure 2, under case 1a and case 1b, respectively. The PSDs are measured based on periodogram of the base-band signal sampled at 15.36MHz. Effect from base-band upsampling, D/A conversion, low-pass filter in the analog domain, and etc., is not considered.
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[bookmark: _Ref458001102]Figure 1 PSD of OFDM, f-OFDM, W-OFDM and FBMC under case 1a
[image: ][image: ]
[bookmark: _Ref458001599]Figure 2 PSD of OFDM, f-OFDM, W-OFDM and FBMC under case 1b

By comparing PSD of all waveforms with and without PA, it can be concluded that no matter how the transmit filter or window shapes the spectrum, the PSD floor converges to a value when the PA is present. For example, in case 1a, the PSD floor is around -31dBm/30kHz, and in case 1b, it depends on the frequency location.
Meanwhile, the difference between waveforms with PA manifests itself at the band-edge, according to the small figure in Figure 1 and Figure 2. It is shown that the OOB level follows that OFDM>W-OFDM>f-OFDM>FBMC. The OOB level will determine the bandwidth of each waveforms based on the ACLR and the spectrum mask defined in TS36.101 and TS36.104. From the PSD measurement with PA, the bandwidth for case 1a and case 1b can be derived, as Table 1 shows. 

[bookmark: _Ref458007609]Table 1 Guard band and bandwidth calculation based on PSD
	
	Case 1a
	Case 1b

	
	Guard band
	Bandwidth
	Guard band
	Bandwidth

	f-OFDM
	90kHz
	9.18MHz
	60kHz
	729.6kHz

	W-OFDM
	120kHz
	9.24MHz
	90kHz
	734.4kHz

	FBMC
	30kHz
	9.06Mhz
	30kHz
	724.8kHz



Observation 1: All waveforms show close PSD floors with PA, but the major difference between them is at the band-edge, where the OOB level follows that OFDM>W-OFDM>f-OFDM>FBMC.

Block error rate
Calibration results
Figure 6-Figure 10 in Appendix show the BLER-vs.-SNR curves for calibration under case 1a/1b/2/3/4, respectively, including OFDM, f-OFDM, W-OFDM, and FBMC. The calibration assumption can be found in [6][7]. From the simulation results, one can find that:
· For case 1a/1b, all waveforms show close performance under the calibration assumption, and PA does not significantly increase the BLER.
· For case 2, all new waveform slightly outperforms OFDM, while the difference between new waveforms and between with and without PA is negligible.
· For case 3 and 4, FBMC and f-OFDM show close BLERs, while W-OFDM is slightly higher and OFDM (without filtering or windowing) is even much higher. Also the PA effect is shown in that all waveforms fails to achieve 10% BLER in the SNR range of interest. This is probably because of the dual interference with 10dB power offset. When the PSD floor (with PA) increases by 10dB, the interference power from adjacent bands is too high to decode the in-band transmission.
Observation 2: Under the calibration assumption, 
· For case 1a/1b with and without PA, all waveforms show close BLERs.
· For case 2 with and without PA, new waveforms slightly outperform OFDM with close BLERs.
· For case 3 and 4 without PA, all new waveforms outperforms OFDM, while FBMC and f-OFDM show a lower BLER, but with PA, all waveforms fail to achieve 10% BLER in the simulated SNRs.

Large delay spread channels
Apart from the calibration evaluation, we have also evaluated waveforms in the large delay spread channels, i.e., TDL-C 1000ns under case 1a and 1b. TDL-C 300ns is used as a reference to see the robustness of waveforms against large delay spread. In this simulation, since we are interested in the robustness of waveforms against long channels, PA module is not used. Figure 3 compares four waveforms under TDL-C 300ns and TDL-C 1000ns channel. Generally, FBMC suffers from large delay spread due to the lack of CP. OFDM, f-OFDM, and W-OFDM do not significantly suffer from the ISI introduced by the channel longer than CP. All waveform under both cases do benefit from the frequency diversity therein.
Observation 3: All waveforms do not significantly suffer from a larger delay spread, e.g., TDL-C 1000ns, but benefit from the frequency diversity therein.

[image: ]Case 1b
Case 1a

[bookmark: _Ref458181075]Figure 3 BLER-vs.-SNR of OFDM, f-OFDM, W-OFDM, and FBMC for large DS

Case 3 and 4 with 0dB power offset
We have also evaluated the waveforms under case 3 and 4 in 0dB power offset, as the 10dB power offset in the calibration assumption disables all the waveform to work, which we believe is too harsh an environment. 10dB power offset is used as a reference to see the effect from the interfering power. Uplink PA is used in the simulation. Figure 4 and Figure 5 compare the BLER of all waveforms for 10dB and 0dB power offset, under case 3 and case 4, respectively. It can be shown that BLER of all new waveforms achieve a better performance in 0dB power offset, even with PA, while the BLER of OFDM is still too high.
Observation 4: For 0dB power offset, all new waveforms show a better performance under case 3 and 4 compared to 10dB power offset, even with PA.
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[bookmark: _Ref458334774]Figure 4 BLER-vs.-SNR of OFDM, f-OFDM, W-OFDM, and FBMC for various power offsets under case 3
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[bookmark: _Ref458334784]Figure 5 BLER-vs.-SNR of OFDM, f-OFDM, W-OFDM, and FBMC for various power offsets under case 4

Proposal: f-OFDM, W-OFDM, and FBMC should be further evaluated as NR candidate waveforms.

Conclusions
In the contribution, we put forward the following observations on waveform evaluation for new RAT:
Observation 1: All waveforms show close PSD floors with PA, but the major difference between them is at the band-edge, where the OOB level follows that OFDM>W-OFDM>f-OFDM>FBMC.
Observation 2: Under the calibration assumption, 
· For case 1a/1b with and without PA, all waveforms show close BLERs.
· For case 2 with and without PA, new waveforms slightly outperform OFDM with close BLERs.
· For case 3 and 4 without PA, all new waveforms outperforms OFDM, while FBMC and f-OFDM show a lower BLER, but with PA, all waveforms fail to achieve 10% BLER in the simulated SNRs.
Observation 3: All waveforms do not significantly suffer from a larger delay spread, e.g., TDL-C 1000ns, but benefit from the frequency diversity therein.
Observation 4: For 0dB power offset, all new waveforms show a better performance under case 3 and 4 compared to 10dB power offset, even with PA.
Proposal: f-OFDM, W-OFDM, and FBMC should be further evaluated as NR candidate waveforms.

References
RP-160671, “New SID Proposal: Study on New Radio Access Technology”, NTT DOCOMO, 3GPP TSG RAN Meeting #71, Göteborg, Sweden, 7.-10. March, 2016
[bookmark: _Ref450812017]R1-163558, “Way forward on assumptions for waveform evaluation”, Huawei, HiSilicon.
[bookmark: _Ref450899667]R1-163889, “Way forward on assumptions for waveform evaluation”, Huawei, HiSilicon, InterDigital.
[bookmark: _Ref450812018]R1-163935, “Way forward on evaluation assumptions for NR waveform”, Huawei, HiSilicon, InterDigital.
[bookmark: _Ref458014551]R1-166999, “Detailed configuration of f-OFDM and W-OFDM for LLS evaluation”, Spreadtrum.
[bookmark: _Ref457830166]R1-165989, “Way forward on calibration assumptions for NR waveform”, Huawei. HiSilicon, NTT Docomo, Nokia.
[bookmark: _Ref457830168]R1-165859, “Way forward on further evaluation assumptions for NR waveform”, Huawei, HiSilicon, InterDigital, NTT Docomo, LGE.

Appendix
BLER-vs.-SNR curves of OFDM, f-OFDM, W-OFDM, and FBMC are illustrated in Figure 6 (case 1a), Figure 7 (case 1b), Figure 8 (case 2), Figure 9 (case 3), and Figure 10 (case 4), respectively. The results have been reported to excel chart in the email discussions. In the simulation, the following assumptions need to be clarified
· CRC bits are not counted as the information bits in the code rate calculation to align with other companies.
· Both DL and UL adopts multi-carrier as the baseline.
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[bookmark: _Ref458014056]Figure 6 BLER-vs.-SNR of OFDM, f-OFDM, W-OFDM, and FBMC under case 1a
[image: ]
[bookmark: _Ref458014058]Figure 7 BLER-vs.-SNR of OFDM, f-OFDM, W-OFDM, and FBMC under case 1b
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[bookmark: _Ref458014059]Figure 8 BLER-vs.-SNR of OFDM, f-OFDM, W-OFDM, and FBMC under case 2
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[bookmark: _Ref458014061]Figure 9 BLER-vs.-SNR of OFDM, f-OFDM, W-OFDM, and FBMC under case 3
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[bookmark: _Ref458014062]Figure 10 BLER-vs.-SNR of OFDM, f-OFDM, W-OFDM, and FBMC under case 4
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