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1 Introduction

According to the agreement from RAN1#84bis [1], we have 

· NR waveform is based on OFDM with multiple numerologies, and additional functionality on top of OFDM such as DFT-S-OFDM, and/or variants of DFT-S-OFDM, and/or filtering/windowing, is further considered

where some new waveforms candidates have been identified and would be studied further. Furthermore, the methodology and evaluation cases have been agreed [2]: 
· Link level simulation is used for waveform evaluation.
·  Whether and how to do system level simulation for waveform is FFS.
· 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 this contribution, we present our link level evaluation results for case1a, 1b and 2 focusing on the filtering and windowing based new waveforms. The details results are given in the Appendix. The evaluation parameters for these three cases are as per the agreement in [2] and thus, for reason of brevity, would not be restated in this contribution.

In the next sections, we provide the key observations and the summary from these simulation results.  
2 Discussion
2.1 Simulation assumptions
In addition to the agreed simulation assumptions [3] (based on R1-163558 and R1-163935), additional parameters and assumptions are applied as follows,
· Filtering/windowing configurations
In the evaluation, we give two filter orders for f-OFDM (i.e. 256, and 512). In practical system, the filter order can be flexibly configured per the deployment requirements whereby the higher the filter order, the better the spectrum localization performance, the filter coefficients generation method is explicitly stated in [6]. For UFMC, Dolph-Chebychev filter is used. For W-OFDM, the window edge length determines its OOBE (Out-of-Band Emission) performance and ISI robustness. From OOBE perspective, longer window edge is preferred, but that leads to more ISI in fading channel. In the evaluations, four window edge length ([18, 48] sampling points which respond to [1/4, 2/3] CP duration) are evaluated in order to find the best trade-off between OOBE and ISI robustness. The filtering/windowing parameters configuration is listed in Table 1.
Table 1 filtering and windowing parameters in the evaluation

	
	Parameters

	f-OFDM
	Filter order in both Tx and Rx: 256, 512

Filter type: Windowed Sinc (Root-Raised Cosine window)
Tone-offset: 

· 5 subcarriers for 256 order

·  2.5 subcarriers for 512 order

	UF-OFDM/UFMC
	Filter order: 72
Filter type: Dolph-Chebychev

	W-OFDM
	Window edge length in Tx: 18, 48
Window edge length in Rx: 10 
Window type: Raised Cosine window


The filter time/frequency domain response for f-OFDM and UFMC is showed in Figure 1.
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(a) Frequency response








(b) Time response

Figure 1 filter response of f-OFDM and UFMC 

The filter design for f-OFDM and UFMC is radically different:
1. The filter frequency response of f-OFDM is flat across the data bandwidth, therefore there is no frequency domain distortion within the data bandwidth, while the filter of UFMC has obvious in-band distortion;
2. The time-span of the main energy of the filter in f-OFDM is significantly smaller than that of UFMC, although it has much longer order. Therefore the ISI can be negligible as explained in [6].
· Channel models
In both cases of the filtering and windowing based new waveform, the ISI in fading channel may become higher, since the end-to-end filter/window response convoluted with rich multi-path spread exaggerates the intrinsic ISI. The link level channels EPA and ETU [4] [5] have been used in 3GPP for long time. In Figure 1, the new channel models TDLs from TR 38.900 are compared with EPA and ETU. It shows that TDL-A with 30 ns scaling delay spread (DS) has very similar rms delay spread to EPA (rms dealy for EPA is 45ns ), while ETU is similar to TDL-C with 1000 ns, based on the comparative rms delay spread (rms delay for ETU is 991ns). Therefore, in this contribution, TDL-A (DS=30ns) and TDL-C (DS =1000ns) are used as substitutes for EPA and ETU for the performance evaluations.
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(a) EPA and TDL-A (30 ns)
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(b) ETU and TDL-C (1000 ns)
Figure 2 Comparison of EPA, TDL-A (30 ns), ETU, TDL-C (1000 ns)
· Spectrum masks

· Case 1a

It refers to 3GPP spectrum mask (Downlink) defined in Table 6.6.3.2.2-1 of TR 36.104[4].
· Case 1b

It refers to 3GPP spectrum mask (Uplink) defined in Table 6.6.2.1.1-1 of TR 36.101[5].
· RF non-linearity modeling

As agreed in [2], RF non-linearity should be considered in the evaluation. After RF unit, the transmitting signal OOBE has to meet the 3GPP RF specification in terms of spectrum mask and ACLR. 
In this contribution, the clipping threshold is determined based on the OOBE requirements, i.e. 3GPP spectrum masks above.
· Case 1a, case 2

 9.05dB clipping threshold is used, to meet the downlink spectrum mask requirement. The ACLR requirement can be easily achieved if spectrum mask is met for the high power base station (as shown in Figure A.1a-2 of the Appendix, the ACLR in BS can achieve >45dB).
· Case 1b

 6dB clipping threshold is used, to meet the uplink spectrum mask requirement.
2.2 LLS Evaluation results

2.2.1 Case 1a
According to the OOBE evaluation results in Figure A.1a-2 (refer to Appendix), a table is summarized for Case 1a below to demonstrate the maximum number of PRBs that can be supported when 3GPP spectrum mask and RF clipping modeling are taken into accounted,
Table 2 Maximum data bandwidth vs. filter order and window length under 3GPP spectrum mask constraint

	Data bandwidth 
	Required f-OFDM

 filter order
	Required W-OFDM 

window edge length
	UFMC with 72 order Dolph-Chebychev

	54 PRB
	256
	N/A  
	N/A

	53 PRB
	256
	~48 
	OK

	52 PRB
	256
	36
	OK

	51 PRB
	256
	36
	OK

	50 PRB
	256
	18
	OK


Observation 1: f-OFDM shows better OOBE performance even considering RF non-linearity (only PA non-linearity) and therefore better spectrum utilization.
· Spectrum efficiency

Taking the guard band overhead, time domain overhead and BLER into consideration (refer to Appendix), the spectrum efficiency evaluation of case 1a is as follows, 
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(a) TDL-A (DS=30ns)
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Case1a TDL-C(DS=1000ns) 3Km/h, (16QAM, 2/3), (64QAM ,3/4)
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W-OFDM (window length 18)
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UFMC (filter order 72)

(16QAM,2/3)

(64QAM,3/4)


(b) TDL-C (DS=1000ns)

Figure 3 Spectrum efficiency in Case 1a
For TDL-C (DS=1000ns) channel model, both W-OFDM and UFMC are even worse than OFDM baseline for 64QAM in terms of the spectrum efficiency. Combined with the above figures and the results (OOBE, time overheads, BLER) in Appendix, we have the following observations for Case 1a: 
Observation 2: The time domain overhead for both W-OFDM and f-OFDM are negligible, and will not introduce any additional time domain overhead even considering short subframe length and self-contained subframe structure. This is also valid for the other cases.
Observation 3: In wideband case, f-OFDM has no any performance loss caused by ISI even in rich multi-path spread channel, reaping the benefits of good OOBE.
Observation 4: Both W-OFDM and UFMC has performance degradation for high MCS (64QAM) in rich multi-path channel. For W-OFDM, the ISI impact can be reduced with smaller window edge length, if giving up the OOBE performance. Therefore, the window edge length has to be balanced between ISI and OOBE.
Observation 5: Taking guard band overhead, time domain overhead and BLER performance into consideration, f-OFDM outperforms W-OFDM and UFMC in terms of spectrum efficiency, due to higher spectrum utilization and better ISI robustness in any fading channel.
2.2.2 Case 1b
· Spectrum efficiency

 Taking the guard band overhead, time domain overhead and BLER into consideration (refer to Appendix), the spectrum efficiency evaluation of case 1b is as follows,
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(c) TDL-A (DS=30ns)
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Case1b TDL-C (DS=1000ns) 3Km/h, 4PRB, (16QAM,2/3), (64QAM,3/4)
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(d) TDL-C(DS=1000ns)
Figure 3 Spectrum efficiency in Case 1b
Combined with the above figures and the results (OOBE, time overheads, BLER) in Appendix, we have the following observations for Case 1b:
Observation 6: In narrow bandwidth case, the OOBE of f-OFDM outperforms W-OFDM and UFMC, considering the RF non-linearity modeling.
Observation 7: In narrow bandwidth case, f-OFDM has no any performance loss caused by ISI even in rich multi-path spread channel, reaping the benefits of good OOBE.
Observation 8: Both W-OFDM and UFMC has performance degradation for high MCS (64QAM) in rich multi-path channel. For W-OFDM, the ISI impact can be reduced with smaller window edge length, if giving up the OOBE performance. Therefore, the window edge length has to be balanced between ISI and OOBE.
Observation 9: Taking guard band overhead, time domain overhead and BLER performance into consideration, f-OFDM outperforms W-OFDM f-OFDM outperforms W-OFDM and UFMC in terms of spectrum efficiency, due to the better ISI robustness in any fading channel.
2.2.3 Case 2
· Spectrum efficiency

Considering zero guard tone, results from the spectrum efficiency simulations (refer to Appendix) is as follows,
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(a) TDL-A (DS=30ns)
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(b) TDL-C (DS=1000ns)
Figure 4 Spectrum efficiency in Case 2
Combined with the above figures and the results (OOBE, time overheads, BLER) in Appendix, we have the following observations for Case 2:
Observation 10: In downlink mixed numerology case, f-OFDM has much better robustness against neighboring subband interference due to its better OOBE performance, and enable mixed numerology coexistence with much less guard tone number. 
Observation 11: Taking guard band overhead, time domain overhead and BLER performance into consideration, f-OFDM outperforms W-OFDM and UFMC in terms of spectrum efficiency, due to its better robustness against neighboring subband interference.
Observation 12: No guard tone is needed by f-OFDM to achieve the best spectrum efficiency in case 2.
3 Summary  
In this contribution, we have presented simulation results evaluating both the filtering and windowing based new waveforms. These results show the much improved spectral narrowing performance of f-OFDM, W-OFDM and UFMC, a critical enabler to the support of the mixed numerologies for the NR. The studies also demonstrate that f-OFDM outperforms W-OFDM and UFMC in terms of spectrum efficiency.
Based on the above observations, we propose the following:

Proposal: As the main candidate for sub-band shaping approaches, f-OFDM should be considered for further studied.
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Appendix
The spectrum efficiencies of f-OFDM and W-OFDM are evaluated and compared in case 1a, 1b and 2 one by one. In order to get better insight of the comparison, the key factors of spectrum efficiencies, i.e. PSD (Power Spectral Density), time domain overhead and BLER, are compared first.
A1.  Case 1a 
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Figure A.1a-1. Simulation Case 1a

· PSD (Power Spectral Density)
· Complied with 3GPP spectrum mask
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(a) PSD of 54PRB data bandwidth
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(b) 
PSD of 53PRB data bandwidth
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(c) PSD of 52 PRB data bandwidth
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(d) PSD of 51 PRB data bandwidth
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(e) PSD of 50 PRB data bandwidth
Figure A.1a-2.  Case 1a PSD of W-OFDM and f-OFDM

Figure A.1a-2 shows the baseband PSD and RF PSD respectively, for 50~54 PRB data bandwidths.

With 3GPP spectrum mask requirement, the required filter order and window length for other data transmission bandwidth are listed in Table A2. 
Table A2 Maximum data bandwidth vs. filter order and window length under 3GPP spectrum mask constraint
	Data bandwidth 
	Required f-OFDM

 filter order
	Required W-OFDM 

window length
	UFMC 

with 72 filter order

	54 PRB
	256
	N/A  
	N/A

	53 PRB
	256
	~48
	OK

	52 PRB
	256
	36
	OK

	51 PRB
	256
	36
	OK

	50 PRB
	256
	18
	OK


Observation 1: f-OFDM shows better OOBE performance even considering RF non-linearity (only PA non-linearity) and therefore better spectrum utilization.
· Time domain overhead

Whatever f-OFDM or W-OFDM, each OFDM symbol will be expanded. However, the additional time domain overhead only exists at the DL/UL switching point in TDD system, because both the filter tail and window edges will overlap with the neighboring OFDM symbols (including CP) and do not cause additional time overhead within consecutive downlink/uplink burst. UFMC has no symbol extension, due to the ZP insertion and filter length constraint.
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                                                       Figure A.1a-3.  Time domain overhead
For W-OFDM and f-OFDM waveforms, the tail length at the down/uplink switching point is

[image: image23.wmf]11

*

2

1

*

fOFDMfilter

WOFDMwindow

L

fs

L

fs

t

t

-

-

=

=


 where 
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 is the filter length, and 
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 is one-side window edge length.

For f-OFDM, the tail can be truncated for TDD mode as analyzed in [6]. For a 512-point filter, the residual filtering tail length after windowing truncation could be 36 sampling point, without violating the RF OOBE requirements. 

With the 15.36Mbps sampling rate in the evaluation, the residual tail lengths are
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Obviously, the residual tail and window slope length is rather small and can be put into GP, without causing additional time domain overhead, even considering the short subframe and self-contained subframe structure. The time domain overhead can be applied for all the other evaluation cases.
Observation 2: The time domain overhead for both W-OFDM and f-OFDM are negligible, and will not introduce any additional time domain overhead even considering short subframe length and self-contained subframe structure. This is also valid for the other cases.
· BLER in TDL channel model
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(a)  TDL-A (DS=30ns)
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(b) TDL-C (DS=1000ns)

Figure A.1a-4. Case 1a BLER performance

With ideal channel estimation, in small multi-path delay spread channel (DS 30ns,), all waveforms have similar performance as OFDM, and the potential ISI will not hurt receiving BLER performance. In big multi-path delay spread channel (DS 1000ns), f-OFDM still shows the same performance as OFDM, while W-OFDM and UFMC has obvious performance loss especially for high MCS 64QAM and UFMC is even worse than W-OFDM. For W-OFDM, both transmitter window and receiver window occupies part of CP, and reduce the effective CP length to combat ISI. In big multi-path delay spread channel, the remaining CP cannot capture the ISI caused by channel multi-path spread. Thus W-OFDM is sensitive to multi-path spread. For UFMC, the frequency response of Dolph-Chebychev filter is as shown in Figure 1. It has obvious in-band distortion and leads to significant performance loss. Furthermore, considering the real channel estimation, the ISI impact would be potentially exaggerated since the pilot is also contaminated.
Observation 3: In wideband case, f-OFDM has no any performance loss caused by ISI even in rich multi-path spread channel, reaping the benefits of good OOBE.
Observation 4: Both W-OFDM and UFMC has performance degradation for high MCS (64QAM) in rich multi-path channel. For W-OFDM, the ISI impact can be reduced with smaller window edge length, if giving up the OOBE performance. Therefore, the window edge length has to be balanced between ISI and OOBE.
A2.  Case 1b
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Figure A.1b-1. Simulation Case 1b
In case 1b, one UE with 4PRB bandwidth, located at the edge of frequency band is evaluated.  And the filtered bandwidth is also 4PRB.

· PSD

For 4 PRB data bandwidth, the baseband and RF PSD with clipping model of W-OFDM and f-OFDM in Figure 1b-2.
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Figure A.1b-2. PSD of W-OFDM and f-OFDM
Observation 6: In narrow bandwidth case, the OOBE of f-OFDM is better than that of W-OFDM and UFMC, considering RF non-linearity modeling.
· Time domain overhead

The time domain overhead is the same as that in case 1a. 

· BLER in TDL/CDL channel model
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(a) TDL-A (DS=30ns)
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Figure A.1b-3. Case 1b BLER performance
In narrow band case, f-OFDM shows the same BLER performance as OFDM in any channel model, while W-OFDM and UFMC has obvious performance loss especially for high MCS (64QAM) in channel with rich multi-path delay spread. Therefore, f-OFDM is insensitive to bandwidth and channel model.
Observation 7: In narrow bandwidth case, f-OFDM has no any performance loss caused by ISI even in rich multi-path spread channel, reaping the benefits of good OOBE.
Observation 8: Both W-OFDM and UFMC has performance degradation for high MCS (64QAM) in rich multi-path channel. For W-OFDM, the ISI impact can be reduced with smaller window edge length, if giving up the OOBE performance. Therefore, the window edge length has to be balanced between ISI and OOBE.
A3.  Case 2
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Figure A.2-1  Simulation Case 2
In case 2, the data bandwidth and the numerology configuration are as follows,

Table A4 Additional simulation assumptions for case 2

	
	Target UE
	Interfering subband

	Bandwidth
	720 KHz (4 PRBs)
	720 KHz

	Numerology
	15KHz subcarrier spacing
	60KHz subcarrier spacing

	
	6.7% CP overhead
	6.7%  CP overhead


· PSD

For 4 PRB data bandwidth, the clipping threshold of W-OFDM and f-OFDM is the same as that in case 1a.
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Figure A.2-2.  Case2 PSD of W-OFDM and f-OFDM
The OOBE of f-OFDM is better than that of W-OFDM in terms of transition band, even considering RF non-linearity
· Time domain overhead

The time domain overhead is the same as that in case 1a.
· BLER in TDL channel model

The BLER performance with zero guard tone in TDL-A (DS=30ns) channel is shown in Figure A.2-3 (a). f-OFDM can support sub-band co-existence without guard tone even for 64QAM, 3/4 coding rate.  In TDL-C channel (DS=1000ns), f-OFDM can also enable sub-band co-existence without guard tone. While for W-OFDM and UFMC, there exist obvious performance gap from f-OFDM. 
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(a)  TDL-A (DS=30ns)
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Figure A.2-2. Case 2 BLER performance

Observation 10: In downlink mixed numerology case, f-OFDM has much better robustness against neighboring subband interference due to its better OOBE performance, and enable mixed numerology coexistence with much less guard tone number. 
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