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1 Introduction
In RAN4 #81, it was agreed that [1]
· Compare filtering and windowing, 

· To decide the guard band at the edge of the channel the analysis should focus on the following aspects:
· Emission levels complying with SEM while achieving highest spectrum utilization
· EVM analysis over the entire channel bandwidth (preferably per RB)
· Impact of uneven EVM
· Impact of spectrum confinement techniques to ISI (i.e. BLER performance in fading channel)
· Complexity of spectrum confinement technique used (complexity of the filter used)
· Impact of PA over emission levels and EVM (Start with the PA models and operating points used in RAN1 evaluation. PA models with memory effects are not ruled out) 
· Impact to ICI is FFS
· Impact to other timing critical procedures
· Coexistence to LTE in applicable bands 
In this contribution, we present the evaluation results for NR waveforms, i.e., f-OFDM, and W-OFDM, in terms of the OOBE, EVM and ISI robustness (i.e. BLER performance in fading channel).

2 Discussion
2.1 Evaluation methodology
For NR waveforms with better spectral confinement performance, the time domain localization will be somehow given up which causes potential demodulation performance degradation and time domain delay overhead.  Therefore, the waveform time domain length (i.e., filtering length and window length) has to be carefully balanced, in order to achieve the trade-off between ISI robustness and spectrum localization as much as possible.

In this contribution, we first determine the maximum allowable waveform time domain length, based on the BLER performance in fading channel, and then evaluate their spectral confinement performance and also EVM with the given time domain length. The time domain delay issue is discussed in another companion contribution [2].

2.2 BLER  performance evaluation
As known, the spectrally confined waveforms will cause potential demodulation performance degradation due to the fact that the excess time-domain of each OFDM symbol together with channel multi-path spread worsens the ISI issue in fading channel. In this section, we evaluate the BLER performance for OFDM, f-OFDM and W-OFDM, with different time domain length.

The simulation parameters are listed in Table I.

Table I: simulation parameters for BLER evaluation

	Parameters
	Value

	Signal bandwidth
	600 subcarriers

	Numerology
	15kHz subcarrier spacing , 6.7% CP overhead

	FFT size
	1024

	PA model
	Rapp

	Channel model
	ETU

	Modulation and coding
	(64QAM, 1/2), (64QAM, 3/4)

	f-OFDM
	Filter length: (1/2, 1/4) OFDM symbol length with low complexity implementation [5]
- Tx only filtering

- Tx and Rx filtering

	W-OFDM
	Window length: (14, 26, 40 52) samples

-Tx only window
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Figure 1: BLER performance for f-OFDM and W-OFDM 
From the evaluation, it can be observed that for W-OFDM, shorter window is preferred in order not to cause ISI issue in fading channel. To be specific, Tx window length for 15kHz numerology should be less than 26 point so as to approach OFDM demodulation performance.  However, short window needs bigger guard band and cause spectrum utilization degraded.

We also noticed that in some companies’ contribution, the spectrum utilization by W-OFDM is comparable to f-OFDM, with window length equal to 5% OFDM symbol duration (i.e. 52 point window length for 15kHz numerology). However, such window length will cause obvious demodulation performance degradation in fading channel, due to the severe ISI issue, which can be observed from Figure 1, and also from many other companies’ contribution [3]-[4].
In this contribution, we choose two window length for evaluation, to be specific

· 5% OFDM symbol duration (i.e. 52 point window) for good spectrum localization

· 2.5% OFDM symbol duration (i.e. 26 point window) for good ISI robustness
While from the evaluation,  f-OFDM can have exact the same BLER performance as OFDM, even with half OFDM symbol filter length. The reason is that the time-span of the main energy of the filtered OFDM symbol is not obvious although its filtering tail is very long, and the long tail overlapping with neighboring OFDM symbol has rather low energy and causes negligible demodulation performance loss. In addition, from Figure 1, both single-side filtering (i.e., Tx-only filtering) and two-side filtering (i.e., Tx & Rx filtering) have the same performance as OFDM. It should be noted that, in this contribution, all the evaluation results are based on the low complexity implementation scheme of f-OFDM in [5].
The following observations can be made,

1. For W-OFDM, shorter window is preferred in order not to cause ISI issue in fading channel. 
2. f-OFDM can achieve exact the same BLER performance as OFDM, even with half OFDM symbol filter length at both Tx and Rx.
2.3 OOBE  performance evaluation
In our earlier contribution submitted to RAN4[6], the OOBE of f-OFDM are evaluated thoroughly with the agreed PA model and back-off value in RAN1, in which no truncation and symbol-wise truncation (1, or 2 OFDM symbols is the minimum mini slot length in RAN1) are considered corresponding to the best and the worst cases in terms of OOBE and EVM performance, respectively, taking the agreed downlink/uplink PA model into account. The purpose of truncation is to reduce the filtering delay and overheard, as discussed in [2]. The detailed evaluation for W-OFDM with 26 and 52 point window length is in the appendix. 
According to the OOBE evaluation, the maximum transmission bandwidth in terms of PRB number (12 subcarriers per PRB for any numerology as agreed in RAN1) and spectral utilization in a NR carrier with f-OFDM are listed for downlink and uplink in Table 2 and Table 3, respectively, with the compliance of SEM and ACLR requirements.
Based the evaluation results in section 2.2 and 2.3, It can be observed that,

Observation 1: Without any BLER performance degradation, the achievable maximum spectrum utilization by f-OFDM approaches theoretical upper limit.

Observation 2: For W-OFDM, desirable demodulation performance in fading channel and spectrum utilization can’t be achieved simultaneously. To be specific,
· The demodulation performance loss for 64QAM is 2dB, with 90% spectrum utilization
· The spectrum utilization is lower than 90% if not sacrificing demodulation performance.
2.4 EVM performance evaluation
About the EVM, some companies show concern on the band-edge subcarriers which has higher distortion than other subcarriers. In this section, we evaluated EVM performance for both band edge PRBs and also the average EVM for the whole band, with the same waveform parameters as that used in sector. 

Figure 2 shows the downlink EVM per active PRB for 15kHz and 60kHz numerology respectively, with the assumption of 110 active PRBs in a 20MHz carrier bandwidth (See more evaluation results for other carrier bandwidths in the appendix). This EVM loss is caused by transmitter filtering and PA non-linearity.
Table 2 Downlink spectral utilization 
	Waveform
	Spectral utilization (# PRBs (%))

	
	5MHz
	10 MHz
	20 MHz
	40 MHz

	15 kHz
	Max. limit
	27PRB 
	55PRB 
	111PRB 
	222PRB 

	
	f-OFDM

(1/2 OFDM symbol)
	No truncation
	26PRB

(93.6%)
	54PRB

(97.2%)
	110PRB
(99.0%)
	221PRB
(99.5%)

	
	
	Subframe-based truncation  (14 symbols)
	26PRB

(93.6%)
	54PRB
(97.2%)
	110PRB
(99.0%)
	221 PRB
(99.5%)

	
	
	Symbol-based truncation
	26PRB

(93.6%)
	54PRB
(97.2%)
	110PRB
(99.0%)
	221 PRB
(99.5%)

	
	W-OFDM
	26 point
	23PRB

(82.8%) 
	51PRB

(91.8%) 
	107PRB

(96.3%) 
	219PRB

(98.6%) 

	
	
	52 point
	25PRB

(90.0%) 
	53PRB

(95.4%) 
	109PRB

(98.1%) 
	220PRB

(99.0%) 

	60 kHz
	Max. limit
	N/A 
	N/A 
	27PRB 
	55PRB 

	
	f-OFDM

(1/2 OFDM symbol)
	No truncation
	N/A
	N/A
	27PRB

(97.2%)
	55PRB

(99.0%)

	
	
	Subframe-based truncation  (14 symbols)
	N/A
	N/A
	27PRB

(97.2%)
	55PRB

(99.0%)

	
	
	Symbol-based truncation
	N/A
	N/A
	27PRB

(97.2%)
	55PRB

(99.0%)

	
	W-OFDM
	 8 point
	N/A 
	N/A 
	24PRB

(86.4%) 
	53PRB

(95.4%) 

	
	
	13 point
	N/A 
	N/A 
	25PRB

(90.0%) 
	53PRB

(95.4%) 


Table 3 Uplink spectral utilization
	Waveform
	Spectral utilization (# PRBs (%))

	
	5MHz
	10 MHz
	20 MHz
	40 MHz

	15 kHz
	Max. limit
	27PRB 
	55PRB 
	111PRB 
	222PRB 

	
	f-OFDM

(1/2 OFDM symbol)
	No truncation
	27PRB

(97.2%)
	55PRB

(99.0%)
	110PRB

(99.0%)
	221PRB

(99.5%)

	
	
	Subframe-based truncation  (14 symbols)
	27PRB

(97.2%)
	55PRB

(99.0%)
	110PRB

(99.0%)
	221PRB

(99.5%)

	
	
	Symbol-based truncation
	27PRB

(97.2%)
	55PRB

(99.0%)
	110PRB

(99.0%)
	221PRB

(99.5%)

	
	W-OFDM
	26 point
	24PRB

(86.4%) 
	52PRB

(93.6%) 
	107PRB

(96.3%) 
	218PRB

(98.1%) 

	
	
	52 point
	25PRB

(90.0%) 
	53PRB

(95.4%) 
	108PRB

(97.2%) 
	220PRB

(99.0%) 

	60 kHz
	Max. limit
	N/A 
	N/A 
	27PRB 
	55PRB 

	
	f-OFDM

(1/2 OFDM symbol)
	No truncation
	N/A
	N/A
	27PRB

(97.2%)
	55PRB

(99.0%)

	
	
	Subframe-based truncation  (14 symbols)
	N/A
	N/A
	27PRB

(97.2%)
	55PRB

(99.0%)

	
	
	Symbol-based truncation
	N/A
	N/A
	27PRB

(97.2%)
	55PRB

(99.0%)

	
	W-OFDM

(%5 OFDM symbol)
	8 point
	N/A 
	N/A 
	26PRB

(93.6%) 
	53PRB

(95.4%) 

	
	
	13 point
	N/A 
	N/A 
	26PRB

(93.6%) 
	54PRB

(97.2%) 
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(a) 15kHz numerology





(b) 60kHz numerology

Figure 2. EVM performance per active PRB for 20MHz bandwidth 
Table 4 EVM performance for 20MHz carrier BW
	Waveform
	Numerology
	Average EVM 
for the carrier bandwidth
	EVM
 for the band edge 1PRB
	EVM
 for the band edge 4PRB

	f-OFDM
	15kHz 
	0.92%
	3.12%
	2.01%

	
	60kHz 
	1.62%
	4.16%
	2.52%

	W-OFDM
	15kHz 
	0.86%
	0.73%
	0.82%

	
	60kHz 
	0.84%
	0.72%
	0.80%


From the EVM evaluation results, the average EVM across the whole carrier bandwidth for f-OFDM and W-OFDM is similar, and far below the EVM requirements. 

For f-OFDM, the EVM is uneven across the whole bandwidth. However, the EVM for the band-edge 1PRB is still manageable with carefully designed filter, although it is a little bit higher than that for the other non band-edge subcarriers. It can be observed that the EVM performance for band edge one PRB can still fulfill the requirements of 64QAM. 

Actually, the band edge PRB distortion is not an issue from the system perspective. It can be easily solved by just scheduling medium/low MCS data transmission at band edge PRBs, which has much higher tolerance for EVM loss. The additional band edge PRBs reaped by f-OFDM always contribute to the system capacity improvement, as shown in Tables 2 and 3..
According to the above evaluation (find more details in the appendix), the average EVM across the whole carrier bandwidth for f-OFDM and W-OFDM is similar, and far below the EVM requirements. For f-OFDM, The EVM on the band-edge 1PRB is still manageable and can fulfill the requirements of 64QAM with carefully designed filter, although it is a little bit higher than the other non band-edge subcarriers.
The following observation can be made,
Observation 3: The band edge PRB distortion can be easily solved by network scheduling, and the additional band edge PRB reaped by f-OFDM will contribute to system throughput improvement.
3 Conclusions

In this contribution, we provide the link performance for f-OFDM and W-OFDM, in terms of the OOBE, EVM and ISI robustness (i.e. BLER performance in fading channel), taking into PA non-linearity into consideration.

The following observations can be made,

Observation 1: Without any BLER performance degradation, the achievable maximum spectrum utilization by f-OFDM approaches theoretical upper limit.

Observation 2: For W-OFDM, desirable demodulation performance in fading channel and spectrum utilization can’t be achieved simultaneously. To be specific,
· The demodulation performance loss for 64QAM is 2dB, with 90% spectrum utilization

· The spectrum utilization is lower than 90% if not sacrificing demodulation performance.
Observation 3: The band edge PRB distortion can be easily solved by network scheduling, and the additional band edge PRB reaped by f-OFDM will contribute to system throughput improvement.
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Appendix
The OOB and EVM evaluation for various carrier bandwidth and numerologies for W-OFDM are provided as follows, 

A1.  Downlink performance 
· 5MHz carrier bandwidth
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a-1: PSD
(26 point window)





a-2:  EVM(26 point window)
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 b-1: PSD (52 point window)




b-2:  EVM(52 point window)
Figure A.1-1 PSD and EVM for 5MHz carrier BW with 26/52 point window length
Table A.1-1 EVM performance for 5MHz carrier BW 

	Waveform
	Numerology
	Waveform para.
	Average EVM 
for the carrier bandwidth
	EVM
 for the band edge 1PRB
	EVM
 for the band edge 4PRBs

	f-OFDM
	15kHz
	1/2 symbol 
	1.46%
	3.23%
	2.12%

	W-OFDM
	15kHz 


	 26 point  
	0.42%
	0.42%
	0.42%

	
	
	52 point
	0.83%
	0.70%
	0.79%


· 10MHz carrier bandwidth
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a-2:  EVM(26 point window)
[image: image10.png]Downlink Rapp PA model,carrier BW 10MHz,
SC 15KHz,data BW 53.0PRB, 11.6dB back-off

PSD (dBm/30KHz)
RN S m
8 3 o 3 B

&
S

— OFDM RF PSD
—{-OFDM RF PSD
‘W-OFDM RF PSD

= @ =3Gpp spectrum mask

w
o

4.5

5 55 6 6.5
Freq.(MHz)



[image: image11.png]Downlink Rapp PA model,carrier BW 10MHz,
5SC 15KHz,data BW 53.0PRB, 11.6dB back-off

-20
25 —— OFDM (Total band EVM 0.5%)
20 ——f-OFDM (Total band EVM 1.1%)

= W-OFDM (Total band EVM 0.9%)
= = =LTE EVM requirement(64QAM)

e —

0 10 20 30 40 50
Resource block index




b-1: PSD (52 point window)




b-2:  EVM(52 point window)
Figure A.1-2 PSD and EVM for 10MHz carrier BW with 26/52 point window length
Table A.1-2 EVM performance for 10MHz carrier BW
	Waveform
	Numerology
	Waveform para.
	Average EVM 
for the carrier bandwidth
	EVM
 for the band edge 1PRB
	EVM
 for the band edge 4PRBs

	f-OFDM
	15kHz 
	1/2 symbol 
	1.12%
	3.24%
	2.13%

	W-OFDM
	15kHz
	 26 point  
	0.46%
	0.44%
	0.45%

	
	
	52 point
	0.86%
	0.74%
	0.83%


· 20MHz carrier bandwidth
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a-1: PSD
(26 point window)





a-2:  EVM(26 point window)
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b-1: PSD
(52 point window)





b-2:  EVM(52 point window)
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c-1: PSD
(26 point window)





c-2:  EVM(26 point window)
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d-1: PSD
(52 point window)





d-2:  EVM(52 point window)
Figure A.1-3 PSD and EVM performance for 20MHz carrier BW with 26/52 point window length
Table A.1-3 EVM performance for 20MHz carrier BW
	Waveform
	Numerology
	Waveform para.
	Average EVM 
for the carrier bandwidth
	EVM
 for the band edge 1PRB
	EVM
 for the band edge 4PRBs

	f-OFDM
	15kHz 
	1/2 symbol
	0.92%
	3.12%
	2.01%

	
	60kHz 
	1/2 symbol
	1.62%
	4.16%
	2.52%

	W-OFDM
	15kHz 
	26 point
	0.47%
	0.45%
	0.45%

	
	60kHz 
	8 point
	0.46%
	0.44%
	0.45%

	
	15kHz 
	52 point
	0.86%
	0.73%
	0.82%

	
	60kHz 
	13 point
	0.84%
	0.72%
	0.80%


· 40MHz carrier bandwidth
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a-1: PSD
(26 point window)





a-2:  EVM(26 point window)
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b-1: PSD
(52 point window)





b-2:  EVM(52 point window)
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c-1: PSD
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c-2:  EVM(26 point window)
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d-1: PSD
(52 point window)





d-2:  EVM(52 point window)
Figure A.1-4 PSD and EVM performance for 40MHz carrier BW with 26/52 point window length
Table A.1-4 EVM performance for 40MHz carrier BW
	Waveform
	Numerology
	Waveform para.
	Average EVM 
for the carrier bandwidth
	EVM
 for the band edge 1PRB
	EVM
 for the band edge 4PRBs

	f-OFDM
	15kHz 
	1/2 symbol
	0.76%
	3.33%
	2.15%

	
	60kHz 
	1/2 symbol
	1.28%
	4.23%
	2.62%

	W-OFDM
	15kHz 
	26 point
	0.47%
	0.45%
	0.45%

	
	60kHz 
	8 point
	047%
	0.44%
	0.45%

	
	15kHz 
	52 point
	0.86%
	0.72%
	0.80%

	
	60kHz 
	13 point
	0.86%
	0.75%
	0.82%


A2.  Uplink performance
· 5MHz carrier bandwidth
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a-1: PSD
(26 point window)





a-2:  EVM(52 point window)
Figure A.2-1 Band edge 1PRB PSD for 5MHz carrier BW with 26/52 point window length 
Table A.2-1 EVM performance for band edge 1PRB in 5MHz carrier BW
	Waveform
	Numerology
	Waveform para.
	EVM
 for the band edge 1PRB

	f-OFDM
	15kHz 
	1/2 symbol
	5.78%

	W-OFDM
	15kHz
	26 point
	4.28%

	
	
	52 point
	4.31%


· 10MHz carrier bandwidth
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a-1: PSD
(26 point window)





a-2:  EVM(52 point window)
Figure A.2-2 Band edge 1PRB PSD for 10MHz carrier BW
Table A.2-2 EVM performance for 10MHz carrier BW
	Waveform
	Numerology
	Waveform para.
	EVM
 for the band edge 1PRB

	f-OFDM
	15kHz
	1/2 symbol
	5.78%

	W-OFDM
	15kHz
	26 point
	4.28%

	
	
	52 point
	4.31%


· 20MHz carrier bandwidth
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a-1: PSD
(26 point window)





a-2:  EVM(8 point window)
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b-1: PSD
(52 point window)





b-2:  EVM(13 point window)

Figure A.2-3 PSD for the band edge 1PRB in 20MHz carrier BW
Table A.2-3 EVM performance for 20MHz carrier BW
	Waveform
	Numerology
	Waveform para.
	EVM
 for the band edge 1PRB

	f-OFDM
	15kHz
	1/2 symbol
	5.78%

	
	60kHz 
	1/2 symbol
	6.25%

	W-OFDM
	15kHz
	26 point
	4.31%

	
	60kHz 
	8 point
	4.41%

	
	15kHz
	52 point
	4.38%

	
	60kHz 
	13 point
	4.48%


· 40MHz carrier bandwidth
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Figure A.2-4 PSD for the band edge 1PRB in 40MHz carrier BW
Table A.2-4 EVM performance for 40MHz carrier BW
	Waveform
	Numerology
	Waveform para.
	EVM
 for the band edge 1PRB

	f-OFDM
	15kHz 
	1/2 symbol
	5.78%

	
	60kHz 
	1/2 symbol
	6.25%

	W-OFDM
	15kHz 
	26 point
	4.31%

	
	60kHz 
	8 point
	4.41%

	
	15kHz 
	52 point
	4.38%

	
	60kHz 
	13 point
	4.48%


