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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#84bis meeting, the way-forward on new radio (NR) in [2] was discussed and some agreements on waveform were obtained [3] as the following:

· Waveform is based on OFDM 
· Multiple numerologies are supported
· Additional functionality on top of OFDM such as DFT-S-OFDM, and/or variants of DFT-S-OFDM, and/or filtering/windowing, and/or OTFS is further considered
· Complementary non-OFDM based waveform is not precluded for some specific use cases (e.g., mMTC use case)

This contribution discusses FB-OFDM based new waveform for next generation radio access. 
FB-OFDM with polyphase filter





[bookmark: OLE_LINK4]In RAN1#84bis meeting, FB-OFDM based waveform scheme [4] was proposed. In principle of FB-OFDM, each subcarrier is independently filtered so that a bank of filters is needed to filter multiple subcarriers. The baseband signal of FB-OFDM based waveform is simply the summation of multiple subcarriers and can be expressed in (1), where  and  are the indices of frequency domain subcarrier and time domain symbol, respectively, is the subcarrier spacing andis the symbol interval, and is the pulse-shape function.

    (1)
This equation (1) is equivalent to equation 2-1 in [5]. In fact, FB-OFDM shares the same baseband signal formulation with some other multi-carrier waveforms including CP-OFDM, CP-OFDM with WOLA, FBMC, FBMC-OQAM and GFDM. 
Observation 1: FB-OFDM shares the same baseband signal formulation with some other OFDM-based multi-carrier waveforms including CP-OFDM, CP-OFDM with WOLA, FBMC, FBMC-OQAM and GFDM. 
The process of a bank of filters upon multiple subcarriers can be implemented by conducting IFFT on all subcarriers first and passing the resultant data through a polyphase filter [6][7]. So FB-OFDM transmitter can be implemented as in Fig. 1. The complex data symbols in one sub-frame are passed through an IFFT processing block. Then the signal is filtered with the polyphase filter. The only difference from the CP-OFDM implementation in LTE is that the CP addition process in LTE is replaced by a polyphase filter. The operation of polyphase filter after IFFT is equivalent to windowing in time domain and significantly reduces the complexity in filtering each subcarrier. The pulse function selection module chooses the pulse function according to the requirements under different scenarios. 
Differently from FB-OFDM, UFMC and F-OFDM need another band pass filter to be added after polyphase filter.
 (
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Fig. 1 Block diagram for FB-OFDM transmitter
The received baseband signal for FB-OFDM can be expressed as in (2):

                (2)




where  is the impulse response of the wireless channel with being the length of the response, is the AWGN and  is the frequency domain channel response. The first approximate equality in (2) holds when the channel fading is flat for each subcarrier which is usually ensured in system design by choosing appropriate subcarrier spacing. The second approximate equality holds when the channel coherence time is significantly larger than symbol interval. This condition is also valid except for high mobility. Similar to the transmitter side, the receiver can have the same equation (2) for some other OFDM-based multi-carrier waveforms besides FB-OFDM, which lead to a common receiver block diagram as shown in Fig. 2 for these waveforms. 

As in Fig. 2, the baseband signal is passed through a polyphase filter followed by FFT. Then frequency domain equalization and demodulation can be conducted by the detection module. Moreover, the polyphase filter on receiver side can utilize a number of algorithms (such as MF, ZF and MMSE) to suppress inter-symbol interference. So the polyphase filter prior to FFT can resolve the inter-symbol overlapping in time domain and reduce the receiver complexity. When the pulse function is rectangular and symbol interval holds for , the polyphase filter in receiver is equivalent to CP removing. In other words, polyphase filter can be used in various OFDM-based multi-carrier waveforms in receiver.
 (
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Fig. 2 Block diagram for FB-OFDM receiver
Observation 2: Due to use of polyphase filter, FB-OFDM has the simple implementation in both transmitter and receiver.
Flexibility and adaptability of FB-OFDM
As mentioned earlier, various OFDM-based multi-carrier waveforms, including CP-OFDM, CP-OFDM with WOLA, FBMC, GFDM, FB-OFDM, UFMC and F-OFDM, can share the similar processing diagram in Fig.1 for transmission. The only two differences are the pulse functions and symbol intervals selected for different waveforms. 


[bookmark: OLE_LINK33][bookmark: OLE_LINK34]Different pulse functions can be selected under different scenarios, which provides additional flexibility over CP-OFDM. For example, root raised cosine shape function can be utilized when strict out-of-band leakage is required. When timing and frequency offsets are limited and the link improvement target is on link peak rate, rectangular pulse function can be adopted and the relationship  holds ( ), then the operation of polyphase filter is equivalent of CP adding and FB-OFDM falls back to the CP-OFDM in LTE. This means CP-OFDM can be considered as a special case 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.
Apart from pulse shape, symbol interval T in FB-OFDM can also be adjusted. When the channel condition is good, T can be set smaller than T0 to realize Fast-Than-Nyquist (FTN) transmission and to improve system capacity. On the contrary, T can be set larger than T0 to make the subcarriers and the symbols quasi-orthogonal. 
Observation 3: FB-OFDM has good flexibility and adaptability in choosing pulse functions and symbol intervals. 
Observation 4: Polyphase filter can be used with various OFDM-based multi-carrier waveforms. It is beneficial to make the NR waveform compatible with polyphase filter for the NR forward compatibility.
Out-of-band leakage 

As an example, the modified root raised cosine pulse as shown in Fig. 3 is used for FB-OFDM. In Fig. 3, f0=1/2T and . A symbol of FB-OFDM in this example lasts 5T long. So the energy of one symbol extends into adjacent symbols. For TDD system, in order to avoid such signal extending between DL and UL, the extended signal portion beyond the switching edge can be cut off by a raise cosine window.
[image: ][image: ]
Fig.3 Time and frequency domain response of modified root raised cosine pulse
Fig. 4 gives the PSD of both CP-OFDM and FB-OFDM with clipping threshold 8dB (considering the PA non-linearity). It can be seen the energy of FB-OFDM falls much more rapidly out of the transmission band than CP-OFDM. Though the OOB performance of FB-OFDM is degraded by cutting the extended energy, it is still much better than that of CP-OFDM.
[image: ]  
Fig. 4 Out-of-band leakage comparison between FB-OFDM and CP-OFDM
Observation 5: FB-OFDM has much better OOB performance than CP-OFDM, particularly in the region closing to the edge of transmission band. 
BLER performance
In RAN1#84bis meeting, it was agreed that multiple numerologies are supported for NR [3]. Adjacent subbands with different numerologies have some interference on each other due to OOB of subbands. FB-OFDM has good OOB performance and therefore can, as shown in Fig. 5, well handle this situation. 
[image: ]
Fig. 5 BLER Performance
The detailed assumptions for Fig 5 simulation are in the Appendix 1. According to Fig .5, FB-OFDM performs much better than CP-OFDM when there are 2 guard tones between 2 adjacent subbands. If the number of guard tones is increased to 4, CP-OFDM performance gets improved (though still worse than FB-OFDM) while FB-OFDM performance remains the same. This means that 2 guard tones are enough to isolate the OOB interference for FB-OFDM while more guard tones are needed for CP-OFDM. More simulation results of FB-OFDM can be found in our contributions [8] and [9].
Observation 6: FB-OFDM performs better than CP-OFDM when adjacent subbands have different numerologies. 
Conclusion
This contribution is concluded with the following observations and proposal.
Observation 1: FB-OFDM shares the same baseband signal formulation with some other OFDM-based multi-carrier waveforms including CP-OFDM, CP-OFDM with WOLA, FBMC, FBMC-OQAM and GFDM.
Observation 2: Due to use of polyphase filter, FB-OFDM has the simple implementation in both transmitter and receiver.
Observation 3: FB-OFDM has good flexibility and adaptability in choosing pulse functions and symbol intervals. 
Observation 4: Polyphase filter can be used with various OFDM-based multi-carrier waveforms. It is beneficial to make the NR waveform compatible with polyphase filter for the NR forward compatibility.
Observation 5: FB-OFDM has much better OOB performance than CP-OFDM, particularly in the region closing to the edge of transmission band. 
Observation 6: FB-OFDM performs better than CP-OFDM when adjacent subbands have different numerologies. 
Proposal: To include FB-OFDM with polyphase filter as a waveform scheme in the further NR study. 
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Appendix 1
Table 1 simulation assumptions for results in Fig. 5
	Assumptions 
	Value 

	Carrier frequency 
	4GHz 

	Pulse function
	A modified root raised cosine pulse as shown in Fig 3.

	symbol interval
	The symbol interval of FB-OFDM is 1/14ms just  the same as LTE

	the extended energy of the subframe 
	The extended energy of a subframe is cut off by a raise cosine window.

	System Bandwidth 
	10 MHz 

	TTI length 
	1 ms 

	Subcarrier spacing 
	15KHz for target UE; 30KHz for interfering subband.

	FFT size 
	1024

	Data transmission bandwidth 
	1RB for target UE; 4RB for interfering subband.

	Guard tone number 
	2 and 4 subcarriers with 15KHz spacing.

	Antenna  configuration 
	1T1R 

	MIMO mode 
	SISO

	Rank per UE 
	Fixed single rank 

	MCS 
	256 QAM: 1/2 

	Control Overhead 
	Zero 

	Channel estimation 
	Ideal 

	Channel Model 
	EPA 3km/h
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