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Introduction
A study item on Next Generation New Radio Access Technology was agreed in RAN Plenary #71 meeting [1]. In this SID, waveform design based on OFDM is one of fundamental areas that need to focus on. In RAN1#85 meeting, the evaluation assumption was discussed and some agreements were made in [2][3][4], and it was agreed that NR waveform evaluation should include performance assessment in high speed scenarios[7]. 
[bookmark: OLE_LINK8][bookmark: OLE_LINK9]Besides, after email discussion, it was also agreed that the RAPP PA model for Downlink and polynomial PA model for Uplink should be used in the waveform simulation. Appendix 1 gives the details of PA models for both Downlink and Uplink.

This contribution gives the simulation results and comparisons between CP-OFDM with WOLA and FB-OFDM in single user case, e.g., case 1 including high speed scenario.
Evaluation case
The case 1a and 1b in [2] are briefly described as following:
· Case 1a, 1b: single numerology case
· 1a (as in Fig. 1): Downlink 
· 1b (as in Fig. 2): 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. 
· High speed scenario with speed up to 500 Km/h 
In both Fig 1 and Fig 2, Gsys is the system guard band and depends on the OOB of new waveform. 
In the simulation, the numerology FB-OFDM is cut and windowed as shown in [5]. Without loss of generality, in CP-OFDM with WOLA (W-OFDM), the shape of the edge in time domain is raised cosine window with length of 1/2 CP length. More simulation parameters are listed in Appendix 2. 


Fig.1 Case 1a: Downlink single numerology case


Fig. 2 Case 1b: Uplink single numerology case

The simulation parameters of evaluation case on high speed scenario are listed in Appendix 3.
PSD
Fig. 3 shows the comparison of PSD among CP-OFDM with WOLA (W-OFDM) and FB-OFDM with PA model, given the data transmission bandwidth equal to 50 RBs.
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Fig.3(a) PSD of W-OFDM and FB-OFDM with RAPP PA model(50 RBs 46 dBm)
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Fig.3(b) Amplified figure region in Fig.4(a)

In order to satisfy eNB emission mask requirement for data transmission bandwidth of 10MHz in case 1a, the system guard band Gsys is 0.594 MHz for CP-OFDM with WOLA and 0.092 MHz for FB-OFDM.

Fig. 4 shows the comparison of PSD among CP-OFDM with WOLA and FB-OFDM with PA model in transmitter, given the data transmission bandwidth equal to 4 RBs.
[image: ]
Fig.4(a) PSD of W-OFDM(CP-OFDM with WOLA) and FB-OFDM with UL PA model(4RB)
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Fig.4(b) Amplified figure region in Fig.5(a)

[bookmark: OLE_LINK6][bookmark: OLE_LINK7]In order to satisfy UE emission mask requirement for data transmission bandwidth of 10MHz in case 1b, the system guard band Gsys is 0.2675MHz (≈18 subcarriers) for CP-OFDM with WOLA and 0.080MHz (≈5 subcarriers) for FB-OFDM.

Observation 1: The OOB energy of FB-OFDM falls much more rapidly than CP-OFDM with WOLA, which results in narrower system guard band and less number of guard-tones between subbands.

Spectrum efficiency formula


The spectrum efficiency is calculated as [2], where  denotes the number of correctly received bits by target user, T is the transmission time of the target user. The value of  is determined as following: 

· Case 1a (data transmission bandwidth of 50 RBs):  =BWcarrier is the whole bandwidth including system guard band (see above figure). 
· For CP-OFDM with WOLA,  = BWcarrier;= 15K*600+15K*1 (DC))+0.594 M = 9.609 MHz 
· [bookmark: OLE_LINK14]For FB-OFDM,  = BWcarrier;=15K*600+15K*1 (DC))+92K=9.107 MHz

· Case 1b (data transmission bandwidth of 1 RB):  is the bandwidth of 4RB plus guard tones.
· For CP-OFDM with WOLA,  = (48+18)*15K = 990KHz
· [bookmark: OLE_LINK4][bookmark: OLE_LINK5]For FB-OFDM,  = (48+5)*15K = 795

The simulations use the waveform transmission/reception as described in [6] for CP-OFDM with WOLA, and the waveform transmission/reception as described in [5] for FB-OFDM. In the simulations of FB-OFDM, zero-forcing is used in polyphase filter on receiver side to suppress inter-symbol interference.

Low speed scenario
In RAN1#85 meeting, it was agreed that the TDL channel model should be used in SISO link level simulations for low and medium speed scenarios.
The spectrum efficiency and BLER performance are shown in Fig. 5 ~ Fig. 7 for case 1a, and Fig. 8 and Fig. 9 for case 1b. The simulation results in these figures are run with ideal channel estimation, except the results in Fig. 7 which are run with realistic (LMMSE) channel estimation. Particularly worth mentioning is that PA effects are considered in all the simulation results given in these contribution. It can be observed from these figures that,
· In both case 1a and case 1b, the BLER performances of W-OFDM and FB-OFDM are very close to each other, even with realistic channel estimation; but due to different widths required on system guard band, the spectrum efficiency of FB-OFDM is higher than that of W-OFDM.
· Because the ratio of guard band/guard-tones to the data bandwidth in case 1b is much higher than in case 1a, the larger differences among spectrum efficiencies for three waveforms are observed in case 1b.
  [image: ][image: ]
[bookmark: OLE_LINK17][bookmark: OLE_LINK18]Fig.5 Spectrum efficiency and BLER comparison: case 1a (50 RBs), TDL-C 300 ns 3 kmh, ideal channel estimation
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Fig.6 Spectrum efficiency and BLER comparison: case 1a (50RBs), 265QAM 3/4 TDL-A 30ns 3kmh, ideal channel estimation
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Fig.7 Spectrum efficiency and BLER comparison: case 1a (50 RBs), TDL-C 300 ns 3 kmh, realistic channel estimation
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Fig.8 Spectrum efficiency and BLER comparison: case 1b (4 RBs), TDL-C 300ns 3 kmh, ideal channel estimation

[image: ][image: ]
Fig.9 Spectrum efficiency and BLER comparison: case 1b (1RB) TDL-A 30 ns 3 kmh, ideal channel estimation

Observation 2: Under the selected simulation assumptions, the BLER performances of FB-OFDM are very close to (or almost the same as) that of CP-OFDM with WOLA.
[bookmark: OLE_LINK24][bookmark: OLE_LINK25]Observation 3: The smaller system guard band or less guard-tones required by FB-OFDM contributes to its higher spectrum efficiency than CP-OFDM with WOLA, in both case 1a and case 1b. 
High speed scenario
The BLER and SE performance are shown in Fig.10 and Fig.11 for high speed scenario. In Fig.10, ideal channel estimation is used for simulation, while in Fig. 11, realistic channel estimation (LMMSE channel estimation) is used.
It can be observed from these figures that in high speed scenario, the BLER performances of W-OFDM and FB-OFDM are still very close to each other with both ideal and realistic channel estimation.
[image: ][image: ]
Fig.10 Spectrum efficiency and BLER comparison: ITU Rural Macro CDL 500 kmh LOS, ideal channel estimation

[image: ][image: ]
Fig.11 Spectrum efficiency and BLER comparison: ITU Rural Macro CDL 500 kmh LOS, realistic channel estimation

Observation 4: In high speed scenario, the BLER performances of FB-OFDM are very close to that of CP-OFDM with WOLA, with both ideal and realistic channel estimation.
Proposal: FB-OFDM should be taken as a waveform candidate in NR.
Conclusion
This contribution concludes with the following observations and proposal: 
Observation 1: The OOB energy of FB-OFDM falls much more rapidly than CP-OFDM with WOLA, which results in narrower system guard band and number of guard-tones between subbands.
Observation 2: Under the selected simulation assumptions, the BLER performances of FB-OFDM are very close to (or almost the same as) that of CP-OFDM with WOLA.
Observation 3: The smaller system guard band or less guard-tones required by FB-OFDM contributes to its higher spectrum efficiency than CP-OFDM with WOLA, in both case 1a and case 1b. 
Observation 4: In high speed scenario, the BLER performances of FB-OFDM are very close to that of CP-OFDM with WOLA, with both ideal and realistic channel estimation.

Proposal: FB-OFDM should be taken as a waveform candidate in NR.
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Appendix 1
· Rapp PA model for Downlink
The following modified Rapp model with AM/AM and AM/PM distortion models for Downlink: 
AM/AM:


AM/PM:


[bookmark: OLE_LINK10][bookmark: OLE_LINK11]x is an amplitude of the input signal, and G=1.
	Parameter for Rapp model < 6GHz DL
	
	 

	Target output power [dBm]
	46
	 

	Saturation output power [dBm]
	57.6
	 

	Smoothness factor p
	3
	 

	Smoothness factor q
	5
	 

	Fitting parameter A
	-0.14
	 

	Fitting parameter B
	1.2
	 



· polynomial PA model for Uplink
The PA model using AM/AM and AM/PM polynomial approximation is shown in the next figure.
[image: ]
Figure 8: AM/AM and AM/PM curves for the proposed PA model. Measured data in blue, polynomial approximation in red.
The polynomial data in dBm domain is also given below. The format can be directly copied to Matlab. The coefficients are organized as follows: [p9  p8  p7  …  p0] and the PA output y(t) can be computed from input x(t) using the formula
y(t) = p0 + p1∙x(t) + p2∙x(t)2 + p3∙x(t)3 + …
p_am = [7.9726e-12  1.2771e-9  8.2526e-8  2.6615e-6  3.9727e-5  2.7715e-5  -7.1100e-3  -7.9183e-2  8.2921e-1  27.3535];
p_pm = [9.8591e-11  1.3544e-8  7.2970e-7  1.8757e-5  1.9730e-4  -7.5352e-4  -3.6477e-2  -2.7752e-1  -1.6672e-2  79.1553];
The validity of the polynomial model deteriorates below input power -35 to -30 dBm, and it is suggested that fully linear model is applied below such input levels. Also extremely deep in compression, e.g. at input power above 9 dBm, the model does not provide realistic results. This should be fine since the signal peaks would anyway be limited to a reasonable value before entering the PA.

Appendix 2

Table A1 Parameters for case 1a/1b
	Assumptions 
	Value 

	Carrier frequency 
	4GHz 

	Duplex 
	FDD/TDD (FDD and TDD have the same performance in these simulation results in this contribution)

	System Bandwidth 
	10 MHz 

	TTI length 
	1 ms 

	Subcarrier spacing 
	15KHz 

	Guard time interval 
	4.7us (interval of LTE normal CP). The symbol interval of FB-OFDM is 1/14ms just  the same as LTE

	FFT size 
	1024

	Data transmission bandwidth 
	4 and 1 PRBs for the bandwidth of target UE in case 1b 

	Antenna  configuration 
	1T1R 

	MIMO mode 
	SISO

	Rank per UE 
	Fixed single rank 

	MCS 
	Fixed. 16QAM: 1/2 or 2/3; 64QAM: 1/2 or 3/4; 256 QAM: 1/2 or 3/4 

	Control Overhead 
	Zero 

	Channel estimation 
	Ideal (without RS) , Realistic ( CRS pilot, LMMSE channel estimation)

	Channel Model 
	TDL-A for DS {30}ns, TDL-C for DS {300※,1000}ns

	Others
	The window process of CP-OFDM with WOLA in transmitter and receiver is the same as that described in [5]. 


Appendix 3
Table A2 Parameters for case 5
	Assumptions 
	Value 

	Carrier frequency 
	4GHz 

	Duplex 
	FDD 

	System Bandwidth 
	10 MHz 

	TTI length 
	1 ms 

	Subcarrier spacing 
	Single numerology case. Companies should report the selected value 

	Guard time interval 
	4.7us (interval of LTE normal CP) as baseline, other interval is not precluded 

	FFT size 
	e.g. 1024 for 15KHz subcarrier spacing 

	Data transmission bandwidth 
	Single numerology case: 50 

	Antenna  configuration 
	1T1R 

	MIMO mode 
	SISO

	Rank per UE 
	Fixed rank 

	MCS 
	Fixed. QPSK: 1/2, 16QAM: 1/2 

	Performance metric 
	User Spectral efficiency (bps/Hz)* 

	Control Overhead 
	Zero 

	Channel estimation 
	Ideal (without RS), Realistic (CRS pilot, LMMSE channel estimation) 

	Channel Model 
	ITU Rural Macro CDL 

	Mobility 
	500 Km/h 
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