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1 Introduction
New Radio (NR) study item [1] aims to investigate new radio access technology for supporting a wide range of services envisioned for 5G networks. According to [2], the NR is expected to address 
· enhanced mobile broadband (eMBB)

· massive Machine-Type-Communications (mMTC)

· Ultra Reliable and Low Latency Communications (URLLC)

Moreover it is suggested that new waveform investigation should be open for NR study if justifiable gain can be demonstrated, quote below from [1]

· Fundamental physical layer signal structure for new RAT
· Waveform based on OFDM, with potential support of non-orthogonal waveform and multiple access
· FFS: other waveforms if they demonstrate justifiable gain

The FC-OFDM solution from Orange is based on 2 proposals:

1. multiple configuration modes’ multiplexing in the frequency domain (i.e. pre-IFFT domain);

2. windowing design in the time domain (i.e. post-IFFT domain). 
2 Overview
· The radio interface for 5G networks should be designed flexible enough to address diverse services with various (sometimes also contradicting) requirements [1]. Since the waveform is a key technical component, it also needs to provide high degree of flexibility. The waveform flexibility means that the waveform can be tuneable to be tailored to different services. More precisely, the new waveform is expected to enhance the flexibility (compared to LTE waveform) for different deployment scenarios

· keep maximally the advantages of LTE waveforms, e.g. MIMO friendly

· improve the capability of supporting flexible numerology in the same carrier band

· improve the tolerance to synchronization error
The DFT-s-OFDM waveform is currently used for LTE/LTE-A uplink transmission. The main advantages of this waveform are that 1) it results in a low PAPR which is suitable for battery-operated devices and 2) it maintains most of the advantages of CP-OFDM, including low receiver complexity and efficient FDMA.  However, the drawbacks of this waveform are the low waveform flexibility, i.e. fixed single-carrier modulation, and poor frequency localization of the rectangular filter.
More precisely, the DFT-s-OFDM is a fixed waveform which uses a rectangular prototype filter. A major consequence of such form of wave is that the subcarriers are filtered by the sinc pulse which has low side-lobe attenuation (aka bad frequency localization). However, under an ideal transmission condition, the bad frequency location feature will not cause any impact on the performance due to the perfect orthogonality, i.e. all the neighbouring subcarriers are sampled at the zero-crossing points of the sinc function.  Nevertheless, under imperfect transmission condition, e.g. imperfect synchronization or co-existence of multi-numerology within the same carrier band, the orthogonality is ruined due to the frame mismatch. Thus, the frequency localization becomes a decisive factor for the performance.  Moreover, the fixed single-carrier modulation feature could be a bottleneck for supporting broad range of services. 
2.1 FC-OFDM solution
The key idea of the FC-OFDM is to introduce waveform flexibility on the top of an OFDM based modulation framework. It makes the waveform flexibly configurable, so that configurations can be tailored to the service requirements. The transmitter diagram is composed of 3 parts, i.e., pre-IFFT, IFFT and post-IFFT (as shown in Figure 1), where the pre-IFFT is made flexible/adaptable, i.e. possessing multiple configuration modes; while the post-IFFT process is common for all the pre-IFFT configurations, which ensures a good coexistence among different waveform configurations.
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Figure 1:  FC-OFDM transmitter, pre-IFFT configures different waveform modes; post-IFFT is common for all waveform modes.
2.1.1 Proposal 1: Configuration modes’ multiplexing in frequency domain (i.e. Pre-IFFT domain)
The pre-IFFT part integrates different waveform modes, containing DFT spreading mode, Zero-Tail spreading (ZT) mode and multi-carrier mode, respectively. The former two modes are single-carrier modulation-based and the last mode is multi-carrier modulation mode. Different waveform modes can be multiplexed in frequency domain and configured by the eNB. 

2.1.2 Proposal 2: windowing design in time domain (i.e. Post-IFFT domain)
In the post-IFFT process, the conventional usage of CP is avoided. But, a windowing operation is used instead. If we denote 
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 as the outputs of the IFFT transform, with 
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being the IFFT size), the FC-OFDM time domain symbol, 
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, for 
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, is cyclically extended from 
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samples to 
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 being a positive integer) and then a window of length 
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 samples is applied, i.e. for 
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, we have
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with 
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  being the modulo-M operation; 
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 being a delay factor (positive integer). An example of 
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 is shown in Figure 2, where 
[image: image16.wmf]

 and 
[image: image17.wmf]

 can be arbitrarily chosen under the condition of 
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 is the window function, which can be expressed as
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The window design is not unique, one example is that 
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. A more general window expression is 
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, where 
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 are non-negative real numbers that could be optimized. In this our performance evaluation, we take (
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) = (2, 5).
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Figure 2: windowing process in post-IFFT part
The consecutive FC-OFDM symbols are then sequentially arranged in the time domain as shown in Figure 3. This shows that the FC-OFDM symbols are overlapped in time domain with 
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 overlapped samples, where 
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 (overlapping factor) is a positive integer; but it can also be zero, implying that FC-OFDM symbols are not at all overlapped in time domain. If we want to maintain the same spectral efficiency of the LTE CP-OFDM system (assuming the CP length is 
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), the relation between 
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. As an example, when 
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. If we further increase 
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, then 
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 can be also increased, while the same spectral efficiency is still maintained. An optimum value of 
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 under a given spectral efficiency is for further study.
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Figure 3: time domain framing of FC-OFDM symbols
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2.1.3 Receiver design

The receiver design is not unique. Here we present one example of receiver structure, which is also composed of 3 parts: pre-FFT, FFT and post-FFT (c.f. Figure 5). The pre-FFT contains 2 steps. In the first step, the receiver takes the 
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 samples, which correspond to the samples of 1 FC-OFDM symbol. Then these samples are windowed by the same window function 
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 as the one in the transmitter windowing process. Then the fold-sum operation is performed to fold 
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 samples to 
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 samples as shown in Figure 6. Then the folded 
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samples will pass through the FFT transform. In the post-FFT process, the frequency domain equalization (or channel estimation) will be performed, followed by the different configuration mode dual processing, i.e. IDFT for DFT spreading mode, IDFT + data extraction for ZT spreading mode. 
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Figure 5: A baseline FC-OFDM receiver design

[image: image50.emf]   

 

present symbol

 

       

   


Figure 6: Fold-sum process.
3 Performance evaluation
The details of our simulation results are given in Appendix. Note that the BLER performance evaluation based on [84b-14] email discussion agreement is reported in [4].
3.1 PSD evaluation
In Figure 7, we evaluate the power spectral density of FC-OFDM and compare it with LTE waveforms DFT-s-OFDM and CP-OFDM (without WOLA). The PSD is evaluated for different FC-OFDM configuration modes. Moreover the impact of non-linearity of PA is also taken into account.  Our simulation result shows that FC-OFDM provides reduced OOB leakage and potentially more edge subcarriers can be modulated.

3.2 Robustness to relaxed time synchronization
Here, we evaluate the capacity of FC-OFDM to tolerant timing (frame) mismatch. Our assumed the test case is the coexistence of hybrid closed-/open-loop synchronization (CLS/OLS). The CLS refers to the case that the uplink transmission is perfect time synchronized with eNB, using LTE-like timing advance (TA) for each user (i.e. 1-to-1 TA). However, the OLS assumes that the TA is not performed for each user, individually; but instead, the same TA value is shared by a group of users, i.e. 1-to-many TA. This synchronization mechanism could be envisioned for mMTC service to reduce the downlink signalling overhead thanks to 1-to-many TA. Furthermore, we assume that a dedicated subband is reserved for the OLS-based transmission (denoted as OLS-subband). Moreover, the CLS-subband is assumed to be adjacent to the OSL-subband. Thus, we evaluate the interference level due to the synchronization error within the OLS-subband, i.e. intra-subband interference. In addition, we also evaluate the interference causing from the OLS-subband to the CLS-subband, i.e. inter-subband interference. The results of the intra-subband and inter-subband interference evaluations are given in 7.2.1. It is shown that the DFT-s-OFDM, due to the usage of CP, is robust to the positive time offset. However, it is difficult in the OLS to keep the time offset to be positive only. FC-OFDM with ZT spreading mode, on the other hand, has more symmetrical robustness against both positive and negative time offset, which is very suitable for OLS-based transmission. 

In addition, the simulation results in 7.2.2 show that the inter-band interference due to coexistence of OLS/CLS in the same carrier band. It can be seen that the FC-OFDM has better inter-band interference immunity, which is mainly due to its prototype filter has faster frequency decay than the rectangular filter.
3.3 Efficiency of supporting flexible numerology
In 7.3, we evaluate the interference level, assuming that two adjacent subbands are configured with different subcarrier spacing, i.e. 15 & 30 kHz. This setting can be envisioned for, e.g., supporting moderate and high mobility users (15 kHz for moderate mobility users and 30 kHz for extremely high mobility users). Another example could be to use 15 kHz for eMBB service and 3.75 kHz for mMTC service.  Note that we assume a fixed spectral efficiency condition, meaning that the frame structure is proportionally shrunk down, including the symbol length as well as the CP length, when the subcarrier spacing is expanded. The simulation shows FC-OFDM can better support flexible numerology transmission in the same carrier band because it causes less inter-numerology-band interference. This advantage is also due to its prototype filer has faster frequency decay than the rectangular filter. 
3.4  PAPR evaluation

The PAPR evaluation is given in 7.4, where FC-OFDM with DFT spreading configuration is used to compare with DFT-s-OFDM. The resulting PAPR of FC-OFDM is slightly higher than DFT-s-OFDM by around 0.2 dB, which is independent of the constellation order. Therefore, the PAPR loss of FC-OFDM, due to the non-rectangular prototype filter, is indeed marginal.  For the other configuration modes, i.e. ZT spreading and multi-carrier modes, the PAPR will naturally become higher. For the multi-carrier mode, FC-OFDM has also 0.2 dB higher PAPR than the CP-OFDM. While, for the ZT spreading mode, the PAPR increase depends on the number of zero heads and tails, as well as the allocated number of PRBs. 
4 Discussions
4.1 Difference to CP-OFDM+WOLA

The post-IFFT process of FC-OFDM can be seen as an alternative to WOLA presented in [3]. Briefly speaking, the main differences are that 

1. we do not consider to use any CP, therefore the number of 1s of the window coefficients is smaller than the FFT size 
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2. FC-OFDM uses the same window on both Tx and Rx sides. This is different from WOLA [3] in which the Rx window is shorter than the Tx, causing some energy loss. Thus, the windowing process on Tx and Rx of FC-OFDM can be seen as matched filtering.

4.2 How to configure FC-OFDM different modes

The DFT spreading mode can be configured for eMBB UL transmission, where all the control channel and reference signal designs can be directly reused from LTE. The ZT spreading mode can enhance the robustness to the timing mismatch and long channel delay spread. Thus this mode can be configured for cell edge users or the users who requires relaxed synchronous transmission. Finally, multi-carrier mode is preferably configured for the user who is less constrained by the PAPR issues (cars/trains or small cell transmission) and, at the same time, requires enhanced reliability, e.g. URLLC. Thus, the multi-carrier mode can provide additional frequency diversity. 

	FC-OFDM config. modes
	DFT spreading mode
	ZT spreading mode
	multi-carrier mode

	eMBB
	suggested
	
	suggested

	mMTC
	suggested
	suggested
	

	URLLC
	
	
	suggested


4.3 Summary of DFT-s-OFDM and FC-OFDM comparison 

	
	DFT-s-OFDM
	FC-OFDM

	PAPR
	(
	(

	Transceiver complexity
	(
	(

	MIMO compatibility
	(
	(

	Reference signal compatibility
	(
	(

	allow service-specific waveform configuration
	(
	(

	support flexible numerology
	(
	(

	support 1-to-many TA
	(
	(

	immunity to out-band non-sync
	(
	(

	spectral confinement
	(
	(


5 Conclusions
Based on the above, we would like to propose the following 
Proposal 1: RAN1 agrees to study FC-OFDM as a solution to enable multiple configuration modes’ 'multiplexing in frequency domain, allowing necessary flexibility for the NR to support different use cases. 
Proposal 2: RAN1 agrees to study FC-OFDM as a solution for window design in time domain bringing advantages in terms of support of flexible numerology, coexistence of sync/non-sync transmission, spectral confinement.
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7 Appendix
7.1 PSD simulation parameters and results
Table 1: PSD simulation parameters A
	
	DFT-s-OFDM
	FC-OFDM

	configuration mode
	NA
	DFT spreading mode

	FFT size
	1024

	CP length
	73
	NA

	window length
	NA
	M+L=1170

	number of modulated tones
	120

	overlapping factor
	D=0
	D=CP
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Figure 7: PSD evaluation, FC-OFDM with DFT spreading configuration mode
Table 2: PSD simulation parameters B

	
	DFT-s-OFDM
	FC-OFDM

	configuration mode
	NA
	ZT spreading mode ( 2 zero heads and 6 zero tails)

	FFT size
	1024

	CP length
	73
	NA

	window length
	NA
	M+L=1170

	number of modulated tones
	120

	overlapping factor
	D=0
	D=CP
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Figure 8: PSD evaluation, FC-OFDM with ZT spreading configuration mode (2 zero heads and 6 zeros tails)
Table 3: PSD simulation parameters C

	
	CP-OFDM
	FC-OFDM

	configuration mode
	NA
	multi-carrier mode

	FFT size
	1024

	CP length
	73
	NA

	window length
	NA
	M+L=1170

	number of modulated tones
	12/24 tones

	overlapping factor
	D=0
	D=CP
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Figure 9: PSD evaluation multi-carrier mode (12 modulated tones)
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Figure 10: PSD evaluation, multi-carrier mode (24 modulated tones)

7.2 Robustness to relaxed time synchronization
7.2.1 Evaluation of intra-band interference due to time synchronization error

	
	DFT-s-OFDM
	FC-OFDM

	configuration mode
	NA
	ZT spreading mode (zero heads = 2, zero tails = 6)

	FFT size
	1024

	OLS-subband-width
	5 RBs

	CP length
	73
	NA

	window length
	NA
	M+L=1170

	overlapping factor
	D=0
	D=CP

	channel model
	EPA, ETU

	channel estimation
	Zadoff Chu preamble based & linear time interpolation
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7.2.2 Evaluation of inter-band interference due to synchronisation error between sub-bands 

	
	DFT-s-OFDM
	FC-OFDM

	configuration mode
	NA
	DFT spreading mode

	FFT size
	1024

	CP length
	73
	NA

	window length
	NA
	M+L=1170

	overlapping factor
	D=0
	D=CP

	channel model
	AWGN

	interfering subband
	OLS-subband (5 PRBs)

	target subband
	CLS-subband (5 PRBs)

	power offset bw. CLS/OLS-subbands
	0 dB

	guard band bw. CLS/OLS-subbands
	0 subcarrier  & 2 subcarriers
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7.3 Efficiency of supporting flexible numerology

	
	DFT-s-OFDM
	FC-OFDM

	configuration mode
	NA
	DFT spreading mode

	Numerology
	15/30 kHz subcarrier spacing for subband 1/ subband 2

	target numerology
	30 kHz subcarrier spacing subband

	guard band between subbands
	0/1 subcarrier in 30 kHz subband

	window length
	NA
	M+L (L=2*CP)

	overlapping factor
	D=0
	D=CP

	channel
	AWGN

	constellation order
	64-QAM without channel coding

	UL synchronization
	perfect time synchronization
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7.4 PAPR

	
	CP-OFDM
	FC-OFDM

	configuration mode
	NA
	DFT spreading mode

	FFT size (#PRB)
	1024 (600)

	CP length
	73
	NA

	window length
	NA
	M+L=1170

	overlapping factor
	D=0
	D=CP

	Constellation order
	4-QAM/64-QAM
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Figure � SEQ Figure \* ARABIC �4�: Optimized value of D can be decided by trading off between orthogonality and pulse frequency decaying
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