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1 Introduction
In RAN1-86 meeting the following agreement has been made, i.e.  
Agreement:
•       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.) 
–      Y (%) = transmission bandwidth configuration / channel bandwidth * 100%

–      RAN1 specification will support transmission bandwidth configuration corresponding to Y up to approximately100%

–      Some evaluations in RAN1 show that Y for a NR carrier can be up to 98% of the evaluated channel bandwidths for both DL and UL without complexity and latency constraints [R1-166093]

–      Note: additional pre-processing techniques on top of CP-OFDM are not precluded, e.g., OTFS

•       Additional waveforms may be supported by NR for e.g. other services (e.g. mMTC) 

•       It is recommended that RAN4 should target to support eNB/UE with Y significantly higher than 90% when defining the RAN4 requirements where the specification of Y should consider complexity and latency constraints 

•       In-band frequency multiplexing of different numerologies is supported in NR for both DL and UL, at least from the network perspective 

–      It is expected that spectrum confinement on sub-band basis is specified as requirements on 

•       Transmitter side in-band emission and EVM requirements  

•       Reception performance in presence of other-subband interferer

•       The definition of sub-band is FFS 

•       From RAN1 perspective, spectral confinement technique(s) (e.g. filtering, windowing, etc.) for a waveform at the transmitter is transparent to the receiver 

•       Inform RAN4 the above agreements

–      RAN1 plans to perform more evaluations on waveform and will inform RAN4 with future updates, if any

In this contribution we analyse the value of Y(%) for FC-OFDM and the corresponding complexity and latency. Moreover, we demonstrate that the windowing for FC-OFDM at the transmitter side can also be transparent to the receiver. 
2 Discussions 

2.1 Y(%) analysis for FC-OFDM
According to RAN1 agreement, NR waveform should support transmission bandwidth configuration corresponding to Y up to approximately 100%. In LTE, the transmission bandwidth configuration Y is, e.g. for 10 MHz bandwidth, 50*180KHz/10MHz=90%. For FC-OFDM [1-3], thanks to its greatly improved spectrum confinement, it can further increase the transmission bandwidth configuration Y by transmitting more resource blocks. 
Waveform parameters

The waveform parameters are given in Table 1.
Table 1: Waveform parameters

	
	

	Numerology
	15 KHz subcarrier spacing

CP length 72 samples

FFT size 1024

	CP-OFDM
	no windowing/filtering

	FC-OFDM
	window coefficients 
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2.1.1 Case 1a

In Figure 1, we show the Power Spectral Density (PSD) of FC-OFDM versus CP-OFDM with PA effect. The PA model is the Rapp model with parameters agreed in [85-18] email discussion [4]. In Figure 2, it is shown that when increase the data bandwidth for FC-OFDM up to 54 RBs, which corresponds to Y=97.2%, FC-OFDM still can fulfil LTE spectrum mask [Table 6.6.3.2.2-1, 6] (a zoomed version is given in Figure 3). 
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Figure 1: PSD in case 1a with PA (Rapp model) and 50 RBs data bandwidth over 10 MHz carrier bandwidth, subcarrier spacing 15 KHz, 11.6dB back-off. 
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Figure 2: PSD in case 1a with PA (Rapp model) and 54 RBs data bandwidth over 10 MHz carrier bandwidth, subcarrier spacing 15 KHz, 11.6dB back-off.
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Figure 3: Zoomed version of Figure 2
Observation 1: In downlink, considering Rapp PA model , FC-OFDM shows better OOBE performance than CP-OFDM and enables 54 RBs data transmission bandwidth in a 10 MHz carrier bandwidth, i.e. transmission bandwidth configuration corresponding to Y= 97.2% .

2.1.2 Case 1b
For the uplink, considering the PA polynomial model [5], the PSD of FC-OFDM and CP-OFDM with 54 RBs data transmission bandwidth is given in Figure 4. For the narrowband case, where only 1 RB is allocated at the 54th PRB, FC-OFDM can still fulfil the LTE spectrum mask [Table 6.6.2.1.1-1, 7] (see Figure 5). It shows that FC-OFDM can support both wideband and narrowband. 
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Figure 4 : PSD in case 1b with PA (Polynomial model) and 54 RBs data bandwidth over 10 MHz carrier bandwidth, subcarrier spacing 15 KHz, 8 dB back-off.
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Figure 5: PSD in case 1b with PA (Polynomial model) and 1 RB data bandwidth allocated at the 54th PRB over 10 MHz carrier bandwidth, subcarrier spacing 15 KHz, 8 dB back-off.
Observation 2: In uplink, considering Polynomial PA model , FC-OFDM shows better OOBE performance than CP-OFDM and enables 54 RBs data transmission bandwidth in a 10 MHz carrier, i.e. transmission bandwidth configuration corresponding to Y= 97.2% .

2.2 Latency and complexity discussion

In the RAN1 agreement, it states that “It is recommended that RAN4 should target to support eNB/UE with Y significantly higher than 90% when defining the RAN4 requirements where the specification of Y should consider complexity and latency constraints”. Thus, Y(%) should be discussed together with latency and complexity analysis. 

2.2.1 FC-OFDM Latency

The FC-OFDM symbol is longer than CP-ODFM symbol by CP samples due to the windowing (illustrated in Figure 6). The consecutive FC-OFDM symbols are overlapped in time domain by CP samples, which lead to the same overhead as CP-OFDM case. The latency increase for FC-OFDM compared to CP-OFDM is thus the duration of 1 CP.
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Figure 6: Latency discussion FC-OFDM vs. CP-OFDM
2.2.2 FC-OFDM complexity

The complexity increase for FC-OFDM compared to CP-OFDM is due to the windowing. Based on the waveform parameters in Table 1, the complexity in terms of the number of real multiplications for CP-OFDM and FC-OFDM is given below
	
	FFT process
	window process
	complexity based on parameters in Table 1

	CP-OFDM
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	0
	40960

	FC-OFDM
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	41536

	Complexity ratio
	
	
	0.986


Observation 3: The latency increase for FC-OFDM is equivalent to CP duration.

Observation 4: The complexity increase for FC-OFDM compared to CP-OFDM is less than 2%.
2.3 Waveform specification transparency
In this section we discuss the waveform specification transparency for FC-OFDM window. From RAN1-86 agreement, i.e. 

•       From RAN1 perspective, spectral confinement technique(s) (e.g. filtering, windowing, etc.) for a waveform at the transmitter is transparent to the receiver 

Thus, in the following evaluation, we assume that the FC-OFDM signal is generated at transmitter using a transmitter window of Table 1, while the receiver is assumed to be similar to CP-OFDM receiver, by employing a simple truncation of FFT size samples (as shown in Figure 7)
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Figure 7: Signal generated by FC-OFDM waveform and receiver employs a simple truncation (non-matched windowing)

Truncation

The truncation process obtains M samples (with M being FFT size), from the received samples, which correspond to the samples containing maximum energy of the received signal. Note that the starting sample position of the truncation is usually depending on the synchronization techniques. Here we take an example that the receiver synchronizer starts to truncate from CP/2 samples (see Figure 8). Then the FFT transform is operated similar to CP-OFDM. 
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Figure 8: FC-OFDM receiver truncation similar to CP-OFDM (no receiver window employed)

EVM result
The EVM of FC-OFDM using Figure 7 transceiver is reported in Table 2.
Table 2:  EVM results for 64QAM in case 1a and Case 1b, assuming FC-OFDM with CP-OFDM like receiver

	
	
	CP-OFDM
	FC-OFDM

	Case 1a
	54 RB
	0.4%
	3.8%

	Case 1b (ideal PA phase compensation, and no additional PAPR reduction technique)
	20 RB
	6.5%
	7.1%

	
	4 RB
	1.5%
	3.9%

	
	1 RB
	1.6%
	2.5%


Observation 5: FC-OFDM can be demodulated by CP-OFDM like receiver without employing matched window. The resulting EVM can satisfy LTE EVM requirements (Table 6.5.2-1, [6]). 
3 Conclusions

In this contribution we have discussed the evaluation results of several aspects for FC-OFDM, notably transmission bandwidth configuration (Y%), latency, complexity and waveform specification transparency. The discussion is motivated by RAN1-86 agreements. We obtained following observations:

Observation 1: In downlink, considering Rapp PA model , FC-OFDM shows better OOBE performance than CP-OFDM and enables 54 RBs data transmission bandwidth in a 10 MHz carrier bandwidth, i.e. transmission bandwidth configuration corresponding to Y= 97.2% .

Observation 2: In uplink, considering Polynomial PA model , FC-OFDM shows better OOBE performance than CP-OFDM and enables 54 RBs data transmission bandwidth in a 10 MHz carrier, i.e. transmission bandwidth configuration corresponding to Y= 97.2% .

Observation 3: The latency increase for FC-OFDM is equivalent to CP duration.

Observation 4: The complexity increase for FC-OFDM compared to CP-OFDM is less than 2%.

Observation 5: FC-OFDM can be demodulated by CP-OFDM like receiver without employing matched window. The resulting EVM can satisfy LTE EVM requirements (Table 6.5.2-1, [6]). 
Based on the above observations, we draw the following proposal

Proposal 1: RAN1 should consider FC-OFDM windowing as an efficient spectrum confinement technique, due to the above observations.
Proposal 2: RAN1 should take FC-OFDM windowing into account for evaluating the efficiency of windowing versus filtering.
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