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Introduction
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]In RAN1#85, followings are agreed on waveform evaluation [1].
Agreements:
· The following OFDM-based waveforms should be used as RAN1 NR waveform performance reference:
· OFDM with CP
· DFT-s-OFDM with CP
· All waveform in RAN1 #84bis/#85 meeting can be evaluated based on agreed assumptions
· Note: Each company should provide details on the DFT-spreading, guard interval, Tx/Rx filtering and/or windowing applied to OFDM waveform for evaluation
In this contribution, we show the evaluation results on following waveform candidates for NR under agreed evaluation assumptions in RAN1#84bis, RAN1#85, and RAN1 email reflector.
· Evaluated waveforms in this contribution
· OFDM with CP (CP-OFDM)
· DFT-s-OFDM with CP (DFT-s-OFDM)
· CP-OFDM with windowing (WOFDM)
· DFT-s-OFDM with windowing (DFT-s-WOFDM)
· UF-OFDM
· DFT-s-UF-OFDM
We also provide our proposals on waveform selection for NR based on the observations from our evaluation results.
Evaluation results
Evaluation setup
System model of evaluated waveforms
The system models of the evaluated waveforms are illustrated in Fig.1. For DFT-s-UF-OFDM, the number B of subband is set to the same as allocated number of RBs for Option 1 (1 RB filtering) and the number B of subband is set to 1 for Option 2 (multi-RB filtering).
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                               (a) CP-OFDM                                                                (b) DFT-s-OFDM
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                                (c) WOFDM                                                                     (d) DFT-s-WOFDM
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                              (e) UF-OFDM                                                                     (f) DFT-s-UF-OFDM
Fig.1	System model of evaluated waveforms.
Evaluation assumptions
The evaluation assumptions are summarized in Table 1.
Table 1	Evaluation parameters
	Parameters
	Value

	Carrier frequency
	4GHz

	System bandwidth
	10 MHz

	TTI length
	1 ms

	Subcarrier spacing
	Single numerology case (Case 1a, 1b and 3): 15 kHz
Mixed numerology case (Case 2 and 4): Target UE 15kHz, interfering UE 30kHz

	Guard time interval
	6.7% overhead

	FFT size
	1024 for 15kHz subcarrier spacing
512 for 30kHz subcarrier spacing

	Data transmission bandwidth
	9MHz for Case 1a
720kHz for Case 1b, 2, 3, and 4

	Modulation and coding
	16QAM, R=1/2 (TBS=16800 bits for 9MHz data transmission bandwidth and 1344 bits for 720kHz data transmission bandwidth)
64QAM, R=1/2 (TBS=25200 bits for 9MHz data transmission bandwidth and 2016 bits for 720kHz data transmission bandwidth)
64QAM, R=3/4 (TBS=37800 bits for 9MHz data transmission bandwidth and 3024 bits for 720kHz data transmission bandwidth)

	Number of transmit and receive antennas
	1×1

	Control overhead
	Zero

	Channel estimation
	Ideal

	Channel model
	TDL-C for DS 300ns or 1000ns
mobility: 3km/h

	PA model
	Downlink (Case 1a and 2): Modified Rapp model 
(Operation point 46dBm output power, IBO = 11.6dB)
Uplink (Case 1b, 3, and 4): Polynomial model (22dBm output power)

	WOFDM
DFT-s-WOFDM
	Tx window type
	Raised cosine window

	
	Tx window edge length
	55 for 15kHz subcarrier spacing
28 for 30kHz subcarrier spacing

	
	Tx overlapped window length
	55 for 15kHz subcarrier spacing
28 for 30kHz subcarrier spacing

	
	Rx window type
	N/A

	UF-OFDM
DFT-s-UF-OFDM Option 1 (1 RB filtering)
	Filter type
	Dolph-Chebyshev Filter

	
	Filter length
	73 for 15kHz subcarrier spacing
37 for 30kHz subcarrier spacing

	
	Sub-band size
	12 subcarriers

	
	Side lobe attenuation
	40 dB

	DFT-s-UF-OFDM
Option 2 (4RB filtering)
	Filter type
	Dolph-Chebyshev Filter

	
	Filter length
	41 for 15kHz subcarrier spacing
21 for 30kHz subcarrier spacing

	
	Sub-band size
	48 subcarriers for 15kHz subcarrier spacing
24 subcarriers for 30kHz subcarrier spacing

	
	Side lobe attenuation
	40 dB



Spectral efficiency calculation
Spectral efficiency is calculated as =/(TBW), where  denotes the number of information bits in correctly decoded transport blocks and can be obtained by TBS(1-BLER), T denotes the transmission time (1ms), and BW denotes the actual bandwidth.
· For case 1a, BW is calculated as 10 MHz - 2X kHz, where X is the frequency range between evaluated waveform and the spectrum mask at -14dBm/30kHz PSD as proposed in the RAN1 email discussion [2].
· For case 1b, BW is calculated as 720 kHz + 2X4/50 kHz, where X is the frequency range between the data band edge and the frequency corresponding to-18dBm/30kHz PSD as proposed in the RAN1 email discussion [2]. 
· For case 2, 3, and 4, BW is calculated as 720 kHz + X kHz, where X is the bandwidth of guard band. Guard subcarriers are located as shown in Fig. 2 (2 interfering UEs are assumed at both sides for case 3 and 4).
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Fig.2	Guard subcarrier setting.
Case 1a (Downlink, single numerology)
PSD
Figure 3 shows the PSD of CP-OFDM, WOFDM, and UF-OFDM in Case 1a. Without PA and with PA are shown. 
Without PA, WOFDM and UF-OFDM has significantly lower out-of-band (OOB) emission than CP-OFDM. With PA, the OOB emission increases even when WOFDM and UF-OFDM is used but they still have lower OOB emission than CP-OFDM. WOFDM has around 5.7dB, 21.5dB, 17.6dB, and 15.7dB lower OOB emission than CP-OFDM at the frequency of 4.62, 4.92, 5.82, and 7.32 MHz, respectively. UF-OFDM has around 9.1dB, 22.5dB, 18.1dB, and 16.3dB lower OOB emission than CP-OFDM at the frequency of 4.62, 4.92, 5.82, and 7.32 MHz, respectively. UF-OFDM has slightly lower OOB than WOFDM.
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(a) Without PA
[image: ]
(b) With PA
Fig.3	PSD in Case 1a
PAPR
Figure 4 shows the PAPR of CP-OFDM, WOFDM, and UF-OFDM. Without PA and with PA are shown. 64QAM is tested. 
WOFDM has almost the same PAPR as CP-OFDM, while UF-OFDM has slightly large (about 0.4dB) PAPR than CP-OFDM.
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(a) Without PA                                                                   (b) With PA
Fig.4	PAPR in Case 1a
BLER
Figures 5 and 6 show the BLER of CP-OFDM, WOFDM, and UF-OFDM. Without PA and with PA are shown. Two channel models, TDL-C with DS=300ns and TDL-C with DS=1000ns, are evaluated. Only MCS of 64QAM with R=1/2 is tested for TDL-C with DS=1000ns.
When DS=300ns, WOFDM and UF-OFDM can achieve almost the same BLER as CP-OFDM both with and without PA. The slight degradation of WOFDM for MCS of 64QAM and R=3/4 would come from ISI. When DS=1000ns, UF-OFDM has slightly worse BLER than CP-OFDM both with and without PA due less robustness against the large channel delay. 
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(a) Without PA                                                                   (b) With PA
Fig.5	BLER in Case 1a (TDL-C with DS=300ns)
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(a) Without PA                                                                   (b) With PA
Fig.6	BLER in Case 1a (TDL-C with DS=1000ns)
Spectral efficiency
Figures 7 and 8 show the spectral efficiency of WOFDM and UF-OFDM. Without PA and with PA are shown. Two channel models, TDL-C with DS=300ns and TDL-C with DS=1000ns, are evaluated. Only MCS of 64QAM with R=1/2 is tested for TDL-C with DS=1000ns. For CP-OFDM, the obtained PSD does not meet the spectral mask and then spectral efficiency is not shown here.
When DS=300ns, WOFDM and UF-OFDM provides almost the same spectral efficiency except for higher MCS. For higher MCS, UF-OFDM has slight better spectral efficiency than WOFDM. When DS=1000ns, WOFDM and UF-OFDM have almost the same spectral efficiency.
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(a) Without PA                                                                   (b) With PA
Fig.7	Spectral efficiency in Case 1a (TDL-C with DS=300ns)
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(a) Without PA                                                                   (b) With PA
Fig.8	Spectral efficiency in Case 1a (TDL-C with DS=1000ns)
Observation of evaluation results in Case 1a
Our observations from above evaluation results in Case 1a are following.
Observation 1: WOFDM and UF-OFDM have lower OOB emission than CP-OFDM. UF-OFDM has slightly lower OOB than WOFDM.
Observation 2: WOFDM has almost the same PAPR as CP-OFDM, while UF-OFDM has slightly large (about 0.4dB) PAPR than CP-OFDM.
Observation 3: When DS=300ns, WOFDM and UF-OFDM provides almost the same spectral efficiency except for higher MCS. For higher MCS, UF-OFDM has slightly better spectral efficiency than WOFDM.
Observation 4: When DS=1000ns, WOFDM and UF-OFDM have almost the same spectral efficiency.

Case 1b (Uplink, single numerology)
PSD
Figure 9 shows the PSD of CP-OFDM, DFT-s-OFDM, WOFDM, DFT-s-WOFDM, UF-OFDM, and DFT-s-UF-OFDM in Case 1b. Without PA and with PA are shown. 
The application of windowing or filtering has significantly lower OOB emission than CP-OFDM without PA is assumed regardless of the application of DFT spreading. With PA, the OOB emission increases even when windowing and filtering is used but they still have lower OOB emission than CP-OFDM/DFT-s-OFDM. WOFDM has around 4.0 dB, 6.1dB, 19.1dB, and 32.0dB lower OOB emission than CP-OFDM at the frequency of 4.62, 4.92, 5.82, and 7.32 MHz, respectively. UF-OFDM has around 6.8dB, 6.5dB, 20.2dB, and 29.6dB lower OOB emission than CP-OFDM at the frequency of 4.62, 4.92, 5.82, and 7.32 MHz, respectively. UF-OFDM has slightly lower OOB than WOFDM. The application of DFT spreading does not have an insignificant effect on the PSD of each waveform.  For DFT-s-UF-OFDM, 4RB filtering (opt2) with shorter filter length has lower OOB than 1RB filtering (opt1) with longer filter length at the cost of inband spectrum distortion.
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(a) Without PA
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(b) With PA
Fig.9	PSD in Case 1b
PAPR
Figure 10 shows the PAPR of CP-OFDM, DFT-s-OFDM, WOFDM, DFT-s-WOFDM, UF-OFDM, and DFT-s-UF-OFDM. Without PA and with PA are shown. 64QAM is tested.
Windowing does not have an effect on the PAPR of CP-OPFDM and DFT-s-OFDM. On the other hand, UF-OFDM has slightly large (about 0.3dB) PAPR than CP-OFDM. For DFT-s-UF-OFDM, 1 RB filtering (opt1) increases PAPR (1dB without PA and 0.6dB with PA) compared with DFT-s-OFDM as the use of 1 RB filtering leads to destroy single-carrier property. While, 4 RB filtering (opt2) can achieve almost the same PAPR as DFT-s-OFDM as the single-carrier property is maintained by using sub-band size same as the number of allocated RBs.
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(a) Without PA                                                                   (b) With PA
Fig.10	PAPR in Case 1b
BLER
Figures 11 and 12 show the BLER of CP-OFDM, DFT-s-OFDM, WOFDM, DFT-s-W-OFDM, UF-OFDM, and DFT-s-UF-OFDM. Without PA and with PA are shown. Two channel models, TDL-C with DS=300ns and TDL-C with DS=1000ns, are evaluated. Only MCS of 64QAM with R=1/2 is tested for TDL-C with DS=1000ns.
When DS=300ns, WOFDM and UF-OFDM can achieve almost the same BLER as CP-OFDM both with and without PA. When DFT spreading is used, DFT-s-WOFDM and DFT-s-UF-OFDM with 1 RB filtering (opt1) can achieve almost the same BLER as DFT-s-OFDM. On the other hand, DFT-s-UF-OFDM with 4 RB filtering (opt2) has slightly worse BLER performance than DFT-s-OFDM. This reason would be 4 RB filtering causes distortion of in-band spectrum. In order to suppress inband spectrum distortion for 4 RB filtering, to have shorter filter length would be needed at the cost of higher OOB emission. Therefore, assuming DFT spreading to filter-based waveform, the filter shape should be carefully designed taking at least OOB emission, PAPR, and inband spectrum emission into account. When DS=1000ns, UF-OFDM has worse BLER than CP-OFDM and WOFDM regardless of the application of DFT-spreading due less robustness against the large channel delay.
Comparing multi-carrier based waveform (CP-OFDM, WOFDM, and UF-OFDM) and single-carrier based waveform (DFT-s-OFDM, DFT-s-WOFDM, DFT-s-UF-OFDM), multi-carrier based waveform can achieve better BLER performance than single-carrier based waveform. For example, SNR loss of single-carrier based waveform (regardless of the application of windowing/filtering) is around 2dB at 10% BLER when 64QAM with R=1/2 is used. It can be seen from Fig.8 that PAPR loss of multicarrier based waveform is around 0.6dB at 10% CCDF. Then, if amount of the back-off required is simplified by above PAPR calculation, it could be said that there might be no need to introduce DFT spreading for uplink transmission.
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(a) Without PA                                                                   (b) With PA
Fig.11	BLER in Case 1b (TDL-C with DS=300ns)
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(a) Without PA                                                                   (b) With PA
Fig.12	BLER in Case 1b (TDL-C with DS=1000ns)
Spectral efficiency
Figures 13 and 14 show the spectral efficiency of CP-OFDM, DFT-s-OFDM, WOFDM, DFT-s-WOFDM, UF-OFDM, and DFT-s-UF-OFDM. Without PA and with PA are shown. Two channel models, TDL-C with DS=300ns and TDL-C with DS=1000ns, are evaluated. Only MCS of 64QAM with R=1/2 is tested for TDL-C with DS=1000ns.
When DS=300ns, WOFDM and UF-OFDM provides almost the same spectral efficiency except for higher MCS. For higher MCS, UF-OFDM has slightly better spectral efficiency than WOFDM. The introduction of DFT spreading provides worse spectral efficiency compared to the corresponding waveform without DFT spreading. When DS=1000ns, WOFDM has slightly better spectral efficiency than UF-OFDM.
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(a) Without PA                                                                   (b) With PA
Fig.13	Spectral efficiency in Case 1b (TDL-C with DS=300ns)
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(a) Without PA                                                                   (b) With PA
Fig.14	Spectral efficiency in Case 1b (TDL-C with DS=1000ns)
Observation of evaluation results in Case 1b
Our observations from above evaluation results in Case 1b are following.
Observation 5: WOFDM (DFT-s-WOFDM) and UF-OFDM (DFT-s-UF-OFDM) have lower OOB emission than CP-OFDM (DFT-s-OFDM). UF-OFDM (DFT-s-UF-OFDM) has slightly lower OOB than WOFDM (DFT-s-WOFDM).
Observation 6: WOFDM has almost the same PAPR as CP-OFDM, while UF-OFDM has slightly large (about 0.3dB) PAPR than CP-OFDM.
Observation 7: For DFT-s-UF-OFDM, 1 RB filtering increases PAPR compared with DFT-s-OFDM while 4 RB filtering can achieve almost the same PAPR as DFT-s-OFDM.
Observation 8: Both WOFDM and UF-OFDM can achieve better spectral efficiency than CP-OFDM in TDL-C with DS=300ns.
Observation 9: When DS=300ns, WOFDM and UF-OFDM provide almost the same spectral efficiency except for higher MCS. For higher MCS, UF-OFDM has slight better spectral efficiency than WOFDM.
Observation 10: When DS=1000ns, WOFDM has slightly better spectral efficiency than UF-OFDM.
Observation 11: DFT-s-WOFDM and DFT-s-UF-OFDM with 1 RB filtering can achieve better spectral efficiency than DFT-s-OFDM in TDL-C with DS=300ns.
Observation 12: On DFT-s-UF-OFDM, 4RB filtering provides worse spectral efficiency than 1 RB filtering due to the inband spectrum distortion.
Observation 13: Multi-carrier based transmission can achieve better spectral efficiency than single-carrier based transmission.

Case 2 (Downlink, mixed numerology)
BLER
Figure 15 shows the BLER of CP-OFDM, WOFDM, and UF-OFDM with the bandwidth of guard band as a parameter (0Hz, 30kHz, 60kHz, and 180kHz). Without PA and with PA are shown. Evaluated channel model is TDL-C with DS=300ns and only MCS of 64QAM with R=1/2 is tested.
As guard band size increases, the BLER performance is improved due to lower interference from different numerology. UF-OFDM can achieve better BLER than CP-OFDM and WOFDM due to better suppression of OOB emission.
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(a) Without PA                                                                   (b) With PA
Fig.15	BLER in Case 2
Spectral efficiency
Figure 16 shows the spectral efficiency of CP-OFDM, WOFDM, and UF-OFDM with the bandwidth of guard band as a parameter (0Hz, 30kHz, 60kHz, and 180kHz). Without PA and with PA are shown. Evaluated channel model is TDL-C with DS=300ns and only MCS of 64QAM with R=1/2 is tested.
WOFDM has almost the same spectral efficiency as CP-OFDM while UF-OFDM can achieve slightly better spectral efficiency than CP-OFDM and WOFDM due to less inter-numerology interference but the improvement is marginal. For all waveforms, no guard band case can achieve the best spectral efficiency.
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(a) Without PA                                                                   (b) With PA
Fig.16	Spectral efficiency in Case 2
Observation of evaluation results in Case 2
Our observations from above evaluation results in Case 2 are following.
Observation 14: WOFDM has almost the same spectral efficiency as CP-OFDM while UF-OFDM can achieve slightly better spectral efficiency than CP-OFDM and WOFDM.
Observation 15: For all evaluated waveforms, no guard band can achieve the best spectral efficiency.

Case 3 (Uplink, single numerology, asynchronous reception between UEs)
BLER
Figure 17 shows the BLER of CP-OFDM, DFT-s-OFDM, WOFDM, DFT-s-W-OFDM, UF-OFDM, and DFT-s-UF-OFDM. Several scenarios on timing offset of interfering users are evaluated (0, 64, 128, 512 samples). Without PA and with PA are shown. Evaluated channel model is TDL-C with DS=300ns and only MCS of 64QAM with R=1/2 is tested. Power offset of interfering users is set to 10dB higher than target UE. Guard band between UEs is 60kHz.
When timing offset of interfering users is 0 samples, CP-OFDM (DFT-s-OFDM) and UF-OFDM (DFT-s-UF-OFDM with 1 RB filtering) achieve almost the same BLER. On the other hand, WOFDM (DFT-s-WOFDM) has worse BLER compared to other waveforms. The reason would come from ISI from interfering UEs’ overlapped symbols. This degradation might be suppressed if Rx windowing is applied. With PA, even ideal timing offset of interfering user is assumed, the BLER performance significantly degrades. Similar to the results in Case 1b, multi-carrier based waveform can achieve better BLER performance than single-carrier based (DFT spreading) waveform.
When timing offset of interfering users is 64 samples, the BLER performance of UF-OFDM (DFT-s-UF-OFDM) significantly degrades compared with CP-OFDM (DFT-s-OFDM) and WOFDM (DFT-s-WOFDM). Timing offset of 64 samples is within CP length, and the waveforms with CP have robustness against the timing offset within CP length. On the other hand, similar to the less robustness against the propagation delay, UF-OFDM (DFT-s-UF-OFDM) has small margin for the timing offset.
When timing offset of interfering users is 128 and 512 samples (i.e., the timing offset is larger than CP length), UF-OFDM (DFT-s-UF-OFDM) provides the best BLER performance due to the better suppression of OOB emission, leads to less interference from other users. WOFDM (DFT-s-WOFDM) can also achieve better BLER performance than CP-OFDM (DFT-s-OFDM).
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(a) Timing offset = 0 samples, Without PA                    (b) Timing offset = 0 samples, With PA
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(c) Timing offset = 64 samples, Without PA                    (d) Timing offset = 64 samples, With PA
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(e) Timing offset = 128 samples, Without PA                    (f) Timing offset = 128 samples, With PA
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(g) Timing offset = 512 samples, Without PA                    (h) Timing offset = 512 samples, With PA
Fig.17	BLER in Case 3
Spectral efficiency
Figure 18 shows the spectral efficiency of CP-OFDM, DFT-s-OFDM, WOFDM, DFT-s-W-OFDM, UF-OFDM, and DFT-s-UF-OFDM. Several scenarios on timing offset of interfering users are evaluated (0, 64, 128, 512 samples). Without PA and with PA are shown. Evaluated channel model is TDL-C with DS=300ns and only MCS of 64QAM with R=1/2 is tested. Power offset of interfering users is set to 10dB higher than target UE. Guard band between UEs is 60kHz.
When timing offset of interfering users is 0 samples, CP-OFDM (DFT-s-OFDM) and UF-OFDM (DFT-s-UF-OFDM with 1 RB filtering) achieve almost the same spectral efficiency. On the other hand, WOFDM (DFT-s-WOFDM) has worse BLER compared to other waveforms due to the above-mentioned reason. Similar to the results in Case 1b, multi-carrier based waveform can achieve better spectral efficiency than single-carrier based (DFT spreading) waveform.
When timing offset of interfering users is 64 samples, the spectral efficiency of UF-OFDM (DFT-s-UF-OFDM) is significantly worse compared with CP-OFDM (DFT-s-OFDM) and WOFDM (DFT-s-WOFDM) due to the small margin for the timing offset within CP length.
When timing offset of interfering users is 128 and 512 samples (i.e., the timing offset is larger than CP length), UF-OFDM (DFT-s-UF-OFDM) provides the best spectral efficiency. WOFDM (DFT-s-WOFDM) can also achieve better BLER performance than CP-OFDM (DFT-s-OFDM). With PA, introduction of DFT spreading provides slightly better spectral efficiency for CP-OFDM and UF-OFDM.
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(a) Timing offset = 0 samples, Without PA                    (b) Timing offset = 0 samples, With PA
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(c) Timing offset = 64 samples, Without PA                    (d) Timing offset = 64 samples, With PA
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(e) Timing offset = 128 samples, Without PA                    (f) Timing offset = 128 samples, With PA
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(g) Timing offset = 512 samples, Without PA                    (h) Timing offset = 512 samples, With PA
Fig.18	spectral efficiency in Case 3
Observation of evaluation results in Case 3
Our observations from above evaluation results in Case 3 are following.
Observation 16: When timing offset of interfering users is 0 samples, CP-OFDM (DFT-s-OFDM) and UF-OFDM (DFT-s-UF-OFDM with 1 RB filtering) achieve almost the same spectral efficiency, while WOFDM (DFT-s-WOFDM) has worse spectral efficiency compared to other waveforms due to ISI from interfering UEs’ overlapped symbols.
Observation 17: When timing offset of interfering users is within CP length, the spectral efficiency of UF-OFDM (DFT-s-UF-OFDM) is significantly worse compared with CP-OFDM (DFT-s-OFDM) and WOFDM (DFT-s-WOFDM) due to the small margin for the timing offset within CP length.
Observation 18: When timing offset of interfering users is larger than CP length, UF-OFDM (DFT-s-UF-OFDM) provides the best spectral efficiency. WOFDM (DFT-s-WOFDM) can also achieve better spectral efficiency than CP-OFDM (DFT-s-OFDM). 
Observation 19: With PA, introduction of DFT spreading provides slightly better spectral efficiency for CP-OFDM and UF-OFDM when timing offset of interfering users is larger than CP length.

Case 4 (Uplink, mixed numerology, synchronous reception between UEs)
BLER
Figure 19 shows the BLER of CP-OFDM, DFT-s-OFDM, WOFDM, DFT-s-W-OFDM, UF-OFDM, and DFT-s-UF-OFDM. Two scenarios on power offset of interfering users (10dB and 0dB) are evaluated. Without PA and with PA are shown. Evaluated channel model is TDL-C with DS=300ns and only MCS of 64QAM with R=1/2 is tested. Guard band between UEs is 60kHz.
Filtering provides the best BLER performance due to better suppression of OOB emission, leads to less interference from other users with different numerology. Windowing can also achieve better BLER performance than CP-OFDM (DFT-s-OFDM).
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(a) Power offset = 10dB, Without PA                             (b) Power offset = 10dB, With PA
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(c) Power offset = 0dB, Without PA                             (d) Power offset = 0dB, With PA
Fig.19	BLER in Case 4
Spectral efficiency
Figure 20 shows the spectral efficiency of CP-OFDM, DFT-s-OFDM, WOFDM, DFT-s-W-OFDM, UF-OFDM, and DFT-s-UF-OFDM. Two scenarios on power offset of interfering users (10dB and 0dB) are evaluated. Without PA and with PA are shown. Evaluated channel model is TDL-C with DS=300ns and only MCS of 64QAM with R=1/2 is tested. Guard band between UEs is 60kHz.
It can be seen that filtering provides the best spectral efficiency. Windowing can also achieve better BLER performance than CP-OFDM (DFT-s-OFDM) but filtering can achieve around 1.5 times higher spectral efficiency compared to windowing when power offset of interfering users is 10dB.
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(a) Power offset = 10dB, Without PA                             (b) Power offset = 10dB, With PA
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(c) Power offset = 0dB, Without PA                             (d) Power offset = 0dB, With PA
Fig.20	Spectral efficiency in Case 4
Observation of evaluation results in Case 4
Our observation from above evaluation results in Case 4 is following.
Observation 20: Filtering provides the best spectral efficiency and provides around 1.5 times higher spectral efficiency compared to windowing when power offset of interfering uses is 10dB.

Discussion on waveform selection
Based on above evaluation results, we provide following views on waveform selection for NR.
For downlink, marginal gain in the spectral efficiency from CP-OFDM is observed by the use of WOFDM and UF-OFDM even in the scenario of mixed numerology. Therefore, CP-OFDM without windowing and filtering would be considered as the first choice of waveform candidate for NR. On the other hand, above evaluation in 2 assumes only the transmission from the same TP and the same bandwidth between different numerologies. If inter-numerology interference among different TP and different bandwidth transmission deteriorate the spectral efficiency of CP-OFDM, WOFDM or filter-based waveform would be considered.
Proposal 1: CP-OFDM without windowing and filtering would be considered as the first choice of downlink waveform candidate.
For uplink, significant gain in the spectral efficiency from CP-OFDM (DFT-s-OFDM) is observed by the use of windowing and filtering in the scenario of asynchronous reception (especially timing offset is larger than CP length) and mixed numerology. In addition, UF-OFDM (DFT-s-UF-OFDM) provides better spectral efficiency than WOFDM (DFT-s-W-OFDM), and therefore, filter-based waveform could be the first choice of waveform candidate for NR. On the other hand, when timing offset is shorter than CP length, at least UF-OFDM (DFT-s-UF-OFDM) has poor spectral efficiency than CP-OFDM (DFT-s-OFDM) and WOFDM (DFT-s-WOFDM). Therefore, CP-based waveform without filter or CP-based waveform with filter would be better choice for other scenarios. 
Comparing multi-carrier based waveform (CP-OFDM, WOFDM, and UF-OFDM) and single-carrier based waveform (DFT-s-OFDM, DFT-s-WOFDM, DFT-s-UF-OFDM), basically multi-carrier based waveform can achieve better spectral efficiency than single-carrier based waveform except in asynchronous reception cases. Therefore, there might be no need to introduce DFT spreading for uplink transmission for some cases. If DFT spreading is used and combined with subband based filtering, filter shape should be carefully designed taking at least OOB emission, PAPR, and inband spectral emission into account.
Proposal 2: Filter-based waveform would be considered as the first choice of uplink waveform candidate for asynchronous case (such as RACH less operation) and mixed numerology case. 
Proposal 3: CP-based waveform without filter or CP-based waveform with filter could also be considered for other scenarios such as single numerology case and synchronous case.
Proposal 4: To introduce DFT spreading might not be needed for some cases of uplink transmission.
Proposal 5: If DFT spread is used, filter shape should be carefully designed.
Considering support wide range of scenarios and different performance characteristics of waveforms in each scenario, to select uniform waveform for all scenarios would be not be reasonable and to have flexibility for waveform configuration such as with/without DFT spreading, with/without windowing and filtering, and/or optimization of parameters of windowing/filtering would be better choice. In [3], the concept to have flexibility on the top of OFDM based waveform named flexible configured OFDM (FC-OFDM) was proposed. FC-OFDM has multiple configuration modes at Pre-IFFT part (multi-carrier mode, DFT spreading mode, and ZT spreading mode) and different modes can be configured by the network considering scenarios. We think that also to have flexibility at post-IFFT part (with/without windowing or filtering mode, and/or multiple parameters of windowing/filtering) and different modes or multiple parameters of windowing/filtering can be configured by the network considering scenarios. Several types of configuration (preconfigured, configured by RRC, and configured by DCI, etc.) could be considered. Waveform configuration may be fixed for the common channels and possible to be semi-statically or dynamically configured for unicast channels.
Proposal 6: To have flexible waveform configuration such as with/without DFT spreading, with/without windowing and filtering, and/or optimization of parameters of windowing/filtering should be considered.

Conclusion
In this contribution, we showed the evaluation results on waveform candidates for NR and also provided our proposals on waveform selection for NR.

Proposal 1: CP-OFDM without windowing and filtering would be considered as the first choice of downlink waveform candidate.
Proposal 2: Filter-based waveform would be considered as the first choice of uplink waveform candidate for asynchronous case (such as RACH less operation) and mixed numerology case. 
Proposal 3: CP-based waveform without filter or CP-based waveform with filter could also be considered for other scenarios such as single numerology case and synchronous case.
Proposal 4: To introduce DFT spreading might not be needed for some cases of uplink transmission.
Proposal 5: If DFT spread is used, filter shape should be carefully designed.
Proposal 6: To have flexible waveform configuration such as with/without DFT spreading, with/without windowing and filtering, and/or optimization of parameters of windowing/filtering should be considered.
[bookmark: _GoBack]
· Observation on Case 1a
Observation 1: WOFDM and UF-OFDM have lower OOB emission than CP-OFDM. UF-OFDM has slightly lower OOB than WOFDM.
Observation 2: WOFDM has almost the same PAPR as CP-OFDM, while UF-OFDM has slightly large (about 0.4dB) PAPR than CP-OFDM.
Observation 3: When DS=300ns, WOFDM and UF-OFDM provides almost the same spectral efficiency except for higher MCS. For higher MCS, UF-OFDM has slightly better spectral efficiency than WOFDM.
Observation 4: When DS=1000ns, WOFDM and UF-OFDM have almost the same spectral efficiency.

· Observation on Case 1b
Observation 5: WOFDM (DFT-s-WOFDM) and UF-OFDM (DFT-s-UF-OFDM) have lower OOB emission than CP-OFDM (DFT-s-OFDM). UF-OFDM (DFT-s-UF-OFDM) has slightly lower OOB than WOFDM (DFT-s-WOFDM).
Observation 6: WOFDM has almost the same PAPR as CP-OFDM, while UF-OFDM has slightly large (about 0.3dB) PAPR than CP-OFDM.
Observation 7: For DFT-s-UF-OFDM, 1 RB filtering increases PAPR compared with DFT-s-OFDM while 4 RB  filtering can achieve almost the same PAPR as DFT-s-OFDM.
Observation 8: Both WOFDM and UF-OFDM can achieve better spectral efficiency than CP-OFDM in TDL-C with DS=300ns.
Observation 9: When DS=300ns, WOFDM and UF-OFDM provides almost the same spectral efficiency except for higher MCS. For higher MCS, UF-OFDM has slight better spectral efficiency than WOFDM.
Observation 10: When DS=1000ns, WOFDM has slightly better spectral efficiency than UF-OFDM.
Observation 11: DFT-s-WOFDM and DFT-s-UF-OFDM with 1 RB filtering can achieve better spectral efficiency than DFT-s-OFDM in TDL-C with DS=300ns.
Observation 12: On DFT-s-UF-OFDM, 4RB filtering provides worse spectral efficiency than 1 RB filtering due to the inband spectrum distortion.
Observation 13: Multi-carrier based transmission can achieve better spectral efficiency than single-carrier based transmission.

· Observation on Case 2
Observation 14: WOFDM has almost the same spectral efficiency as CP-OFDM while UF-OFDM can achieve slightly better spectral efficiency than CP-OFDM and WOFDM.
Observation 15: For all evaluated waveforms, no guard band can achieve the best spectral efficiency.

· Observation on Case 3
Observation 16: When timing offset of interfering users is 0 samples, CP-OFDM (DFT-s-OFDM) and UF-OFDM (DFT-s-UF-OFDM with 1 RB filtering) achieve almost the same spectral efficiency, while WOFDM (DFT-s-WOFDM) has worse BLER compared to other waveforms due to ISI from interfering UEs’ overlapped symbols.
Observation 17: When timing offset of interfering users is within CP length, the spectral efficiency of UF-OFDM (DFT-s-UF-OFDM) is significantly worse compared with CP-OFDM (DFT-s-OFDM) and WOFDM (DFT-s-WOFDM) due to the small margin for the timing offset within CP length.
Observation 18: When timing offset of interfering users is larger than CP length, UF-OFDM (DFT-s-UF-OFDM) provides the best spectral efficiency. WOFDM (DFT-s-WOFDM) can also achieve better BLER performance than CP-OFDM (DFT-s-OFDM). 
Observation 19: With PA, introduction of DFT spreading provides slightly better spectral efficiency for CP-OFDM and UF-OFDM when timing offset of interfering users is larger than CP length.

· Observation on Case 4
Observation 20: Filtering provides the best spectral efficiency and provides around 1.5 times higher spectral efficiency compared to windowing.
Reference
[1]		RAN1#85 chairman’s note
[2]		RAN1 email discussion, “[85-17] Collect information for NR waveform”
[3]		R1-164619, “Flexible configured OFDM (FC-OFDM) waveform,” Orange, RAN1#85
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