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Introduction
According to the agreement from RAN1 #84bis and #85 meetings [1][2][3], we have 
· Four evaluation cases can be used in link level simulation depending on evaluation purposes of each usage scenario, which are
· Case 1a, 1b: single numerology case
· 1a: Downlink 
· 1b: Uplink, only one UE with narrow bandwidth is located at the edge of wide frequency band. It is assumed that no wide-band filter upon the whole frequency band. 
· Case 2: DL mixed numerology case 
· Case 3: UL single numerology case (asynchronous reception between UEs)
· Case 4: UL mixed numerology case (synchronous reception between UEs)

In the RAN1#85 meeting, we presented the evaluation results for case 1a, 1b and 2 with clipping PA (power amplifier) model and ideal channel estimation. In this contribution, the PA impact on the OOBE of waveform are discussed based on the updated evaluation results for case 1a and case 1b with the latest agreed downlink and uplink PA models, with both ideal and real channel estimations (the latter can be found in Appendix ). The PSD (power spectral density) results of the real PA test are also presented for further verifications,. Furthermore, the capability of guard band reduction and ISI robustness provided by spectrally confined waveforms are also discussed. 
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Simulation assumptions
· PA operating point consideration
As agreed in the email discussion [85-18], the downlink and uplink PA operating points have to be set considering the spectrum mask, ACLR and EVM requirements for downlink and uplink [4][5], respectively. The PA operation point for downlink and uplink in the evaluation is chosen as follows,
·  Downlink (case 1a, case 2)
· 11.6 dB back-off  from the 1 dB compression point of the Rapp PA model
·  Average output power is 46 dBm
·  Uplink (case 1b, case 3, case 4)
·  8 dB back-off  from the 1 dB compression point of the polynomial PA
· Average output power is 22 dBm, phase compensation is 76.3 degree
The PA models and operating points in the evaluation are shown in Figure 1.
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Downlink
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Uplink
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· Waveform parameter configurations
The waveform parameters within this contribution are listed in Table I.
Table I:   Waveform parameters
	
	Target UE in case 1a, 1b

	Numerology
	15 kHz subcarrier spacing
6.7 % CP overhead
1024 point FFT size

	W-OFDM
	Raised cosine window, 
- Tx Window length: 52 samples on each side (5% OFDM symbol)
- Rx window length: 10 (0 and 52 sample Rx window are also evaluated)

	f-OFDM
	Windowed Sinc filter
Tx/Rx filter order 512 ( matched filter is not assumed in the evaluation)



It is simpler for evaluation and result comparisons that only one Rx window length is applied to all evaluation cases including case 2, 3 and 4 that are discussed in our companion papers [7-10]. Based on the BLER evaluation for different Rx window length (0/10/52 samples), as shown in Appendix A1, ISI is increased by 52 sample Rx window at receiver side. It brings rather big performance degradation for 64-QAM in large delay spread channel (TDL-C 1000ns). And 0 samples Rx window is not sufficient to suppress inter-subband interference although it provides best ISI robustness in fading channel. Therefore, we only use 10-sample Rx window in all evaluation cases, in order to balance the ISI robustness and receiver suppression capability against subband interference for both single numerology and mixed numerology.
· User spectrum efficiency calculation
· Case 1a 


· Case 1b 


	Where 

  	Number of information bits correctly decoded in each transport block (whose size is noted as TBS) and can be obtained by TBS*(1-BLER)

	Transmission time of the target UE.  The transmission time is the same as both TDD and FDD, since filtering/windowing tail overlaps with other OFDM symbol or GP, without introducing additional time overhead. Furthermore, as discussed in R1-165425 [6], in TDD system, filter tail should be truncated at both sides of every DL/UL burst to reduce tail overhead. Its resulting performance loss is negligible as long as a small tail (single-side 26 points) is kept after truncation, which is verified in Appendix A2 where the PSD and BLER of f-OFDM with per 1 ms burst truncation are evaluated. As a result of tail truncation, only a small length tail is kept, which can be easily absorbed into existing GP, and does not cause additional time overhead.
BWdata	Data bandwidth.


	Guard bandwidth while fulfilling the spectrum emission mask. In case 1a evaluation, 50 PRB data is used in BLER evaluation and TBS calculation for all waveforms in order to have a fair comparison independent of codeword length etc.. Given the fixed 50 PRB data bandwidth, different waveforms have different guard band requirement (i.e. roll-off) from the 50 PRB edge to the OOB emission level required by the spectrum mask (refer to Figure 3), which is denoted as  here.

  Data bandwidth of the target UE.

[bookmark: _GoBack]   Guard bandwidth of target UE.

LLS Evaluation results
Case 1a
· Downlink maximum data transmission bandwidth 
NR waveform should support higher spectrum utilization in a carrier due to better spectrum localization performance, as opposed to that in LTE in which only 90% carrier bandwidth can be used for data transmission. Figure 2 shows that with f-OFDM, the maximum number of PRBs (Physical resource blocks) for data transmission in a 10 MHz carrier can be significantly increased from 50 PRBs (LTE) to 54 PRBs, while still fulfilling 3GPP spectrum emission mask and ACLR requirements. The EVM results are shown in Appendix A3. 
	[image: DL_Back11]
	[image: DL_Back11]
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Observation 1: In downlink, f-OFDM shows better OOBE performance considering Rapp PA model and enables 54 PRBs data transmission bandwidth in a 10 MHz carrier (above 97% spectrum utilization)

· Spectrum efficiency
The spectrum efficiency was evaluated on a per TTI basis according to the following table

	
	OFDM
	W-OFDM
	f-OFDM

	SE
	


	

	(TBS size for 50PRB) × (1-simulated BLER)

	T
	1 ms

	

	10 MHz

	
 (kHz)
	500
	217
	65



For 50RB data bandwidth PSD shown in Figure A.1a-6, in order not to violate spectrum emission mask requirement (-14 dBm/30 kHz), the single-side guard band that can be saved for data transmission  is 217kHz for W-OFDM, and 65 kHz for f-OFDM.



An illustration of the system guard bandwidth for Case 1a.
Taking the guard band overhead, and BLER into consideration (refer to Appendix), the spectrum efficiency evaluation results of case 1a are as follows,
	
	[image: Case1a,(T=15]
(a) TDL-C (300 ns)
	[image: Case1a,(T=15]
(b) TDL-C (1000 ns)



	


Case 1a spectrum efficiency
The required SNR to achieve 10% BLER for the waveforms (OFDM, f-OFDM and W-OFDM) is listed in the following table. 
Table II: The required SNR to achieve 10% BLER for case1a
	Channel model
	MCS
	OFDM
	f-OFDM
	W-OFDM

	TDL-C
(300ns)
	64 QAM, 3/4
	22.9 
	22.9 
	22.9

	
	64 QAM, 1/2
	17.2 
	17.2 
	17.2

	
	16 QAM, 1/2
	12.5 
	12.5 
	12.5

	TDL-C
(1000ns)
	64 QAM, 3/4
	23.2 
	23.2 
	25.7 

	
	64 QAM, 1/2
	16.7
	16.7
	17.1

	
	16 QAM, 1/2
	11.9 
	11.9
	12.1



In medium delay spread channel (DS=300 ns), W-OFDM and f-OFDM have almost the same BLER performance, and f-OFDM has slightly better spectrum efficiency than W-OFDM due to the less guard band overhead. While in large delay spread channel (DS=1000 ns), W-OFDM has obvious performance loss in BLER (above 2 dB SNR gap between f-OFDM and W-OFDM) and spectrum efficiency especially for high MCS since the CP length is not enough to combat ISI.

Observation 2: In downlink wideband case, compared with W-OFDM, f-OFDM has better spectrum efficiency for any MCS in any fading channel, due to its better ISI robustness and higher spectrum utilization. In large delay spread channel, f-OFDM has obvious advantage than W-OFDM to support high MCS transmission

Case 1b
· Uplink maximum data transmission bandwidth
In uplink, the maximum data transmission bandwidth should consider both wideband case and narrow band case. The narrow band case means UE with 1 PRB bandwidth is scheduled at the band edge. As illustrated in Figure 6 (a), for wideband case, both f-OFDM and W-OFDM can support 54 PRB data bandwidth while still fulfilling spectrum mask and ACLR requirements. Only f-OFDM can support narrow band case if a UE with 1 PRB data bandwidth is located at the 54th PRB, as shown in Figure 6 (b). The EVM results are shown in the appendix.
	[image: UL_Back8dB_RB54_Local]
(a) 54 PRB data bandwidth
	[image: UL_Back8dB_RB1_At54RBEdge]
(b) 1 PRB data bandwidth  located at the 54th PRB
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Observation 3: In uplink, f-OFDM shows better OOBE performance considering polynomial PA model and enables 54 PRB data transmission bandwidth in a 10 MHz carrier (97% spectrum utilization).

· Spectrum efficiency
The spectrum efficiency was evaluated on a per TTI basis and the following values were assumed
	
	OFDM
	W-OFDM
	f-OFDM

	SE
	


	

	(TBS size for 4 PRB) × (1-simulated BLER)

	T
	1 ms

	

	720 kHz

	
 (kHz)
	51
	23
	9





For 4 PRB data bandwidth PSD shown in Figure A.1b-2, in order to fulfill spectrum emission mask (-18 dBm/30 KHz), the required single-side guard band is 144 kHz for W-OFDM, 56 kHz for f-OFDM，and 318 kHz for OFDM. To have a fair comparison, the value of  was scaled by the transmission bandwidth of the target user, i.e., . The subband guard band is 23 kHz, 9 kHz and 51 kHz for W-OFDM, f-OFDM and OFDM respectively.


An illustration of the system guard bandwidth for Case 1b.

Taking the guard band overhead, and BLER into consideration (refer to Appendix), the spectrum efficiency evaluation of case 1b is as follows,
	[image: ]
(a) TDL-C (300ns)
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(b) TDL-C (1000ns)


Case 1b spectrum efficiency

The required SNR to achieve 10% BLER for the waveforms (OFDM, f-OFDM and W-OFDM) is listed in the following table.
Table III: The required SNR to achieve 10% BLER for case1b
	Channel model
	MCS
	OFDM
	f-OFDM
	W-OFDM

	TDL-C
(300ns)
	64 QAM, 3/4
	26.7 
	26.7 
	26.7 

	
	64 QAM, 1/2
	21.0 
	21.0
	21.0 

	
	16 QAM, 1/2
	16.4 
	16.4
	16.4

	TDL-C
(1000ns)
	64 QAM, 3/4
	25.4
	25.6
	29.8 

	
	64 QAM, 1/2
	18.6 
	18.6 
	19.2 

	
	16 QAM, 1/2
	13.9 
	13.9 
	14.1 



Similar as downlink, f-OFDM has significant advantage in big delay spread channel especially for high MCS. 
Combined with the above figures and the results (OOBE, BLER) in Appendix, we have the same  observation as that for downlink.
Observation 4: In uplink narrow band case, compared with W-OFDM, f-OFDM has better spectrum efficiency for any MCS in any fading channel, due to its better ISI robustness and higher spectrum utilization. In big delay spread channel, f-OFDM has obvious advantage than W-OFDM to support high MCS transmission

Downlink and uplink PSD test with real PA
Downlink
In downlink, a real wideband PA with DPD is tested. The average output power is 49 dBm @20 MHz.
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[bookmark: _Ref457397065] Downlink PSD of 109 PRB data bandwidth @20 MHz carrier bandwidth

Figure 10 and Figure 11 show the downlink PSD and ACLR test results based on the real BS PA. In a 20 MHz carrier bandwidth with 49 dBm transmission power, the maximum data bandwidth supported by f-OFDM and W-OFDM is 109 PRB, and 108 PRB respectively, while still fulfilling the spectrum mask and ACLR requirement. 
Therefore, with the spectrum confinement waveform, the spectrum utilization at 20 MHz carrier bandwidth can be increased from 90% in LTE to 98%.
Uplink
In uplink, two types of PA (SZA-5044ZDS, and CGH40010) are used for test without DPD. The average output power is 23 dBm @ 20 MHz.
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[bookmark: _Ref457397414] UL PSD of 109 PRB data bandwidth  with SZA-5044ZDS 
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[bookmark: _Ref457397416]UL PSD of 109 PRB data bandwidth  with CGH40010

Figure 12 and Figure 13 show the uplink PSD and ACLR test results based on the two types real UE PA. The results are similar.  In a 20 MHz carrier bandwidth with 23 dBm transmission power, the maximum data bandwidth supported by f-OFDM and W-OFDM is 109 PRB, while still fulfilling the spectrum mask and ACLR requirement. 
Therefore, with f-OFDM, the spectrum utilization in 20 MHz carrier can be increased significantly from 90% in LTE to above 98%.

Observation 5: The tests for real PA show that with the spectrally confined waveform, the spectrum utilization in 20 MHz carrier bandwidth can be increased significantly, from 90% in LTE to above 98%.

[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Conclusions
In this contribution, we have presented updated simulation results for both the filtering and windowing based waveforms for case 1a and case 1b. The following observations are made.
For case 1a, 
Observation 1: In downlink, f-OFDM shows better OOBE performance considering Rapp PA model and enables 54PRB data transmission bandwidth in a 10 MHz carrier bandwidth (above 97% spectrum utilization)
Observation 2: In downlink wideband case, compared with W-OFDM, f-OFDM has better spectrum efficiency for any MCS in any fading channel, due to its better ISI robustness and higher spectrum utilization. In big delay spread channel, f-OFDM has obvious advantage than W-OFDM to support high MCS transmission

For case 1b, 
Observation 3: In uplink, f-OFDM shows better OOBE performance considering polynomial PA model and enables 54 PRB data transmission bandwidth in a 10 MHz carrier (97% spectrum utilization).
Observation 4: In uplink narrow band case, compared with W-OFDM, f-OFDM has better spectrum efficiency for any MCS in any fading channel, due to its better ISI robustness and higher spectrum utilization. In big delay spread channel, f-OFDM has obvious advantage than W-OFDM to support high MCS transmission.
Observation 5: The tests for real PA show that with the spectrally confined waveform, the spectrum utilization in 20 MHz carrier bandwidth can be increased significantly, from 90% in LTE to 98%.

These results show the much improved spectral confinement performance can be achieved by both f-OFDM and W-OFDM, and the spectrum utilization in a carrier can be significantly increased from 90% in LTE to up to 98%. The evaluation also shows that f-OFDM has better ISI robustness and spectrum localization than W-OFDM, thus higher spectrum efficiency.
Based on the above observations, we have the following proposal:
Proposal: NR should achieve much higher spectrum utilization (i.e., above 97%) in a carrier with better spectrally confined waveform than LTE for both downlink and uplink.
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Appendix
A1.  The ISI performance with different window length
· 
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BLER performance with different Rx window length

A2.  Tail truncation impact and evaluation
In TDD system, the filter tail of f-OFDM should be truncated per DL/UL data burst (i.e. consecutive DL/UL data transmission duration) in order to reduce tail overhead. In this part, we give the evaluation results on the PSD and BLER for case1a and 1b with tail truncation. In the evaluation, the single side filter tail per 1 ms data transmission are kept to 26 point and 52 point after rectangular truncation.
Actually, the performance also depends on data burst length which is relevant to specific frame structure. Here we use per 1 ms truncation for evaluation, which is the worst case based on LTE subframe length definition.
· Case 1a
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	[image: ]



Case1a PSD (after PA) with and without truncation
	[image: ]
	[image: ]


Case1a BLER with and without truncation
· Case 1b
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Case1b PSD (after PA) with and without truncation
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Case 1b,  with and without truncation

For both case1a and case1b, the performance loss caused by truncation is negligible for both PSD and BLER (PA non-linearity considered), with a small residual tail length (e.g. 26 points). And the conclusion can be naturally extended to other cases based on case 1a and case1b evaluation result. The residual small tail can be easily absorbed into existing GP, and will not introduce additional time overhead. In our evaluation, we did not include additional time overhead for both W-OFDM and f-OFMD when calculating spectrum efficiency.

A3.  EVM result
The EVM evaluation results for 64 QAM in case 1a and 1b are listed in the following table 
	
	
	OFDM
	f-OFDM
	W-OFDM

	Case1a
	54RB
	0.45%
	1.16%
	0.46%

	Case 1b
	54RB 
	4.86%
	5.04%
	4.93%

	
	4RB
	4.42%
	5.4%
	4.48%

	
	1RB
	4.07%
	5.98%
	4.11%



A4.  Case 1a BLER
[image: ]
Simulation Case 1a
· PSD (Power Spectral Density)
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[bookmark: _Ref456341673]Case 1a 50 PRB data bandwidth PSD of W-OFDM and f-OFDM
Figure A.1a-7 shows the baseband PSD and RF PSD respectively, for 50 PRB data bandwidths.
· BLER performance 
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Case 1a BLER performance (ideal channel estimation)
	[image: Case1a,(T=15]
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Case 1a BLER performance (real channel estimation)
In large multi-path delay spread channel (DS 1000ns), W-OFDM has obvious performance loss especially for high MCS, since the window occupies part of CP, and reduces effective CP length to combat ISI. Thus W-OFDM is sensitive to channel model. Furthermore, considering the real channel estimation, the ISI impact is broadened since the pilot is also contaminated by the ISI, while f-OFDM keeps the same BLER with CP-OFDM in any cases.
A5.  Case 1b BLER
[image: ]
Simulation Case 1b
· PSD
[image: UL_Back8dB_RB4_At50RBEdge_ULMask1]
[bookmark: _Ref456359999]Case 1b 4RB PSD of W-OFDM and f-OFDM

· BLER performance 
	[image: Case1b,(T=15]
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Case 1b BLER performance (ideal channel estimation)
	[image: Case1b,(T=15]
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Case 1b BLER performance (real channel estimation)

In narrow band case, f-OFDM shows the same BLER performance as OFDM in any channel model, while W-OFDM has obvious performance loss especially for high MCS (64 QAM) in channel with rich multi-path delay spread. Furthermore, like case1a, the performance loss will become broadened with real channel estimation. 
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