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Introduction
In RAN1#86 meeting, some agreements were made for NR waveform:
· At least up to 40 GHz for eMBB and URLLC services, NR supports CP-OFDM based waveform with Y greater than that of LTE (assuming Y=90% for LTE) for DL and UL, possibly with additional low PAPR/CM technique(s) (e.g., DFT-S-OFDM, etc.) 
· From RAN1 perspective, spectral confinement technique(s) (e.g. filtering, windowing, etc.) for a waveform at the transmitter is transparent to the receiver 
FB-OFDM is proposed in [1][2][3] to have its pulse shape function vary according to different use scenarios. The FB-OFDM waveform in [3] is based on the rectangle windowing in frequency domain with raised cosine edge roll-off. Such waveform is proved to have superior frequency-domain local confinement property, and therefore is considered one option of FB-OFDM. Meanwhile, in order to reach a better balance between frequency confinement and Tx-Rx transparency, the second option of FB-OFDM is discussed in this contribution.
FB-OFDM (2nd option)
In the principle of FB-OFDM, each subcarrier is independently filtered and therefore a bank of filters is needed to filter multiple subcarriers. The continuous baseband signal of FB-OFDM waveform can be formulated by 
                                            (1)
[bookmark: OLE_LINK8][bookmark: OLE_LINK9][bookmark: OLE_LINK16][bookmark: OLE_LINK1][bookmark: OLE_LINK2]where  represents the RE on k-th subcarrier and l-th time symbol. T is the time symbol interval.  is the subcarrier spacing. (t) is the pulse shaping function. 
The equation (1) can be seen as a general framework of multiple waveforms, including CP-OFDM, OFDM with WOLA (W-OFDM), FBMC and GFDM. In general, the pulse shaping function can be selected under different use scenarios, which provides additional flexibility. For example, it is shown in [3] that the above equation (1) would be equivalent to CP-OFDM, if 
                                                     (2)
Also, the above equation (1) becomes equivalent to W-OFDM, if 
                                  (3)
where , and  are the lengths of CP and window respectively, +is smaller than T  to avoid ISI.
Observation 1: CP-OFDM and W-OFDM can be seen as two special cases of FB-OFDM.
The pulse function has significant influence on waveform performance. Therefore, the design of pulse function that offers lower out-of-band leakage and better receiving performance should be one direction of the further study. In this contribution, we discuss a particular set of pulse shaping function which also can be categorized to FB-OFDM, and the detailed pulse shaping function  is composed of three parts as seen in (4): 
                         (4)
The corresponding pulse shape function is shown in Fig 1, where the first part () and the third part () aims to smoothly decrease the power around two ends of each symbol, which leads to a sharper decline in OOB emission. Unlike W-OFDM, + can be larger than time symbol interval T in FB-OFDM. Although longer length of windowed edge leads to sharper decline of OOB emission, the long edge on the other hand spreads to neighbour symbols and brings ISI into signal. So the values of  and  should be carefully chosen to reach a good balance between ISI and frequency confinement. 


Fig. 1 Timing relations in FB-OFDM
[bookmark: OLE_LINK3][bookmark: OLE_LINK12]The following details on the pulse shape function  show one simple example of FB-OFDM, which is not intended to be set restrained to this example.
· The middle part of non-zero waveform in (4) provides additional flexibility, which can further localize the power in frequency domain with the consideration of EVM, is built based on cosine function:
                                              (5)
where, A is the expansion factor the controls the flatness of the middle part of waveform.
· The first part and the third part of (4) is built based on raised cosine function that can provide good frequency localization and orthogonality between symbols:
                                                 (6)
To summarise, this second option of FB-OFDM can achieve sharper decrease of OOB emission than CP-OFDM and W-OFDM, at a cost of a little ISI/ICI introduced into waveform. 

Tx and Rx structures of FB-OFDM
The same Tx structure that is used for the first option of FB-OFDM [3] is applicable to this second option. Compared to CP-OFDM, the additional computation required to transmit this second option of FB-OFDM is (window length) operations per symbol, which is similar to W-OFDM.
Fig 2 and Fig 3 show the BLER performances when the transmitter sends FB-OFDM waveform but the receiver assumes the signal to be CP-OFDM, and performances between LTE-Rx (e.g., “CP-OFDM-Rx” curves in Fig.2 and Fig.3) and windowing-Rx (seen in [5]) are compared. The detailed descriptions of case 1b and case 3, including the PA model applied are given in Appendix 1, 2 and 3.
The BLER curves of “windowing-Rx” is nearly the same as those of “CP-OFDM-Rx” in case1 that has no inter-subband interference; while in case 3 (inter-subband interference exist), the BLER curves of “windowing-Rx” are much better than those of “LTE-Rx”.
These simulations prove that the receiver of CP-OFDM can be used to receive FB-OFDM. The inter-subband interference suppression technique(s) e.g., windowing and filtering can be added in receiver to improve the BLER performance if needed.
[image: ]
Fig 2 BLER in case 1 (Tx: FB-OFDM, Rx: CP-OFDM-Rx (LTE-Rx) or windowing-Rx)
[image: ]
Fig 3 BLER in case 3 (Tx: FB-OFDM, Rx: CP-OFDM-Rx or windowing-Rx)

Observation 2: Receiver of CP-OFDM can be used to receive the designated option-2 FB-OFDM, which is then  transparent to CP-OFDM-Rx (LTE-Rx) .

Conclusion
This contribution is concluded with the following observations:
Observation 1: CP-OFDM and W-OFDM can be seen as two special cases of FB-OFDM.
Observation 2: Receiver of CP-OFDM can be used to receive the designated option-2 FB-OFDM, which is then  transparent to CP-OFDM-Rx (LTE-Rx) .
The more complete evaluations for the second option of FB-OFDM are provided in [5], which shows this second option of FB-OFDM has narrower PSD than W-OFDM, and can provide much better BLER and spectrum efficiency in some evaluation cases. The text proposal to TR 38.802 is given in [6].
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Appendix 1 Evaluation cases
· Case 1b: single numerology case on 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 1b: Uplink single numerology case
The simulation parameters of evaluation case 1b are listed in Appendix 3.
· Case  3: UL single numerology case (asynchronous reception between UEs) 

Case 3: UL single numerology case (asynchronous reception between UEs)
In case 3, the target user, which is interfered by two asynchronous UEs located in neighbor subbands. GUE is the width of guard band between neighbouring subbands. 
Appendix 2 Simulation assumptions
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 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; 64QAM: 1/2 

	Control Overhead 
	Zero 

	Channel estimation 
	Ideal (without RS)

	Channel Model 
	TDL-C for DS {300※ }ns

	Others
	The window process of CP-OFDM with WOLA in transmitter and receiver is the same as that described in [6] and window length at Tx is 36Ts. 
FB-OFDM: T1 = 18Ts, T2 = 126Ts, A = 10


Table A2 Parameters for case 3 
	Assumptions 
	Value 

	Carrier frequency 
	4GHz 

	Duplex 
	FDD /TDD 

	Subframe duration 
	1 ms as baseline, other duration is FFS (short duration could be considered) 

	Subcarrier spacing 
	Case  3: 15KHz as baseline, 

	Guard time interval 
	6.7% overhead as baseline, other interval is FFS (depend on numerology progress ) 

	System bandwidth & FFT size 
	10 MHz, 1024 for 15KHz subcarrier spacing 

	UE bandwidth (data transmission bandwidth plus guard tone  bandwidth of the desired UE) 
	Case3:  -720 KHz (48 Subcarriers per user allocated for both target UE and interferer UEs) 

	Bandwidth of guard tones between neighboring UEs 
	{0, 15, 30, 60※, 90, 180}KHz 

	Number of uplink users 
	Case 3: 3 (1 target user and 2 interferer users) 

	Power offset of the interferer user 
	10 dB※ 

	Antenna configuration 
	1T1R※ 

	MIMO mode 
	SISO 

	MCS 
	Fixed. 16QAM: 1/2;  64QAM: 1/2※

	Control  overhead 
	Zero 

	Time offset of interfering user 
	Case 3: fixed offset  128※samples (for 15 KHz subcarrier spacing with 1024 FFT size) 

	Channel estimation * 
	Ideal※  (without RS) 

	Channel model  ** 
	TDL-C for DS {300※ }ns, 3km/h※ 

	Others
	The window process of CP-OFDM with WOLA in transmitter and receiver is the same as that described in [6] and window length at Tx is 36Ts. 
FB-OFDM: T1 = 18Ts, T2 = 126Ts, A = 10


Appendix 3 Polynomial PA model for Uplink
The PA model using AM/AM and AM/PM polynomial approximation is shown in the next figure.
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.
[image: ]
Fig AM/AM and AM/PM curves for the proposed PA model (blue: measured data, red: polynomial approximation)
Appendix 4 Case 1b BLER from [7]
[image: ]
Figure 31 in [7]: BLER for Case 1b, TDL-C 1000 ns, FDD, 16QAM with coding rate=0.5, 64QAM with coding rate=3/4, 256QAM with coding rate=3/4, UL PA model, perfect channel estimation
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